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ABSTRACT 

A catalog of nearly 300 c r a t e r s  and crater- l ike objects has been pre-  

pared f rom severa l  se t s  of contrast-enhanced high-quality positive t rans-  

parencies of the Mariner 4 photography. 

by the same procedures used in  the compilation of lunar  c ra t e r  catalogs; 

particular attention was given to c r a t e r  c lass  and quality, 

with diameters D < 2 0  km begin to show the effects of incompleteness. 

direct  inspection of the photographs a s  well a s  the constancy of c r a t e r  

c lass  proportions with c ra t e r  diameter  interval above 20 km indicates that 

substantial erosion and obliteration of all but the la rges t  c r a t e r s  have 

occurred during the history of Mars.  

c r a t e r  erosion appear to be closely tied together in t ime. 

. 
Cra te r s  were  identified and counted 

Counts of c r a t e r s  

A 

The epochs of c r a t e r  formation and 

4 

A stat is t ical  curve-fitting program for the observed c ra t e r  diameter- 

frequency relations and a differential number- density distribution law of 

ADmB give B = 2 . 5  f 0.2 f o r  D > 20 km o r  B = 3 . 0  f 0.2  f o r  D > 30 km. 

The population of impacting objects assumed responsible for  these c r a t e r s  

is taken a s  having a differential  number density varying a s  X-', where X i s  

the diameter of the impacting object. 

Apollo objects crossing the orbit  of Mars  is insufficient by more  than 2 orders  

of magnitude to explain the observed number density of c r a t e r s  on Mars .  

Fo r  as teroidal  objects with p = 2 o r  3 ,  the predicted and observed number 

densities cannot be brought into agreement unless we assume an ear ly  epoch 

of very high crater ing ra tes  on Mars .  For  p = 4 o r  5, agreement between 

the predicted and observed number densities can be secured with a nearly 

uniform ra te  of as teroidal  bombardment. The absence of saturation bom- 

bardment of Mars  for  very la rge  c r a t e r s  points to a value of p significantly 

above 3 .  

X > 1 km in the inner pa r t  of the asteroid belt. 

sca les  with kinetic energy, W, of the impacting object a s  W 

The number of "live" comets and 

This i s  not inconsistent with expectations for as teroids  with 

In this case,  c r a t e r  diameter 

. 1/3 
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J 
i F o r  all reasonable values of p, impact damage contributes to c ra t e r  

erosion and obliteration. 

of the o rde r  unity. F o r  all reasonable values of p, asteroidal  bombardment 

is capable of accounting quantitatively f o r  the observed values of both A and 

B, particularly if the zone of obliteration around Mart ian c r a t e r s  is l a r g e r  

than that fo r  lunar  c ra t e r s .  F o r  near-saturat ion bombardment, the existing 

observations a r e  of ve ry  l i t t le u s e  in  determining the value of p, o r  in  dis- 

tinguishing between saturation bombardment and such other  erosion mechan- 

isms as windblown dust of impact o r  of micrometeoric  origin; liquid water  

on macro  o r  microsca les ;  mountain building; and flooding by lava. 

produced by impact during the his tory of Mars  is estimated to  have depths 

between 0. 1 and severa l  kilometers.  

obliterated in  4. 5 X 10 y e a r s  is calculated to be between 6 0  and 180 km; for  

the lifetime against erosion, assumed to scale a s  D , we calculate a 0 for  

p = 2 o r  3, and 1 s a  5 2. 5 f o r  p = 4 o r  5. 

The f rac t ion  of the surface covered by craters is 

The dust 

The diameter  of the la rges t  c r a t e r  
9 

a 

F o r  p < 3 ,  the mean ages of Martian c ra t e r s  a r e  found to be approxi- 

However, for p significantly l a rge r  mately equal t o  the age of the planet. 

than 3 ,  different c r a t e r s  will have different mean ages,  ranging f r o m  about 

2. 25 X 10 

of years  or  l e s s  for c r a t e r s  sma l l e r  than 20 km. 

features  of the o r d e r  of 10 km in width o r  sma l l e r  may have been quite prom- 

inent in the ear ly  history of Mars  and undetectable on the Mariner  4 photo- 

graphs. Thus, the absence of such signs of running water as r ive r  valleys 

in the Mariner  4 photography is quite i r re levant  to the question of the exist- 

ence of bodies of water  in ear ly  Martian history. 

a r e  independent of es t imates  of the ages of lunar  maria. 

exists f o r  a correlat ion between high c ra t e r  density and dark  a r e a s  on Mars .  

9 years  for the very la rges t  c r a t e r s ,  down to some tens of millions 

In this case, surface 

These conclusions on ages 

Some weak evidence 
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Un catalogue de prGs de 300 cratLres e t  ob je t s  en forme de cratgre 

a dte' pre'pare' & p a r t i r  de p lus i eu r s  jeux de copies d i apos i t i ves  de tr&s 

bonne qual i te '  e t  & con t ra s t e s  accentue's, de l a  photographie o r ig ina l e  

p r i s e  par  Mariner 4. 

ployant l e s  m 6 m e s  m6thodes que ce l les  u t i l i s e ' e s  dans l a  pre'paration des 

catalogues des  c r a t g r e s  luna i r e s ;  une a t t e n t i o n  p a r t i c u l i g r e  a e'te' accor- 

de'e & l a  classe e t ,  & l a  qual i te '  des  cratGres. 

tGres de diamgtre D < 20 km commence montrer l e s  e'vidences d'un carac- 

t g r e  incomplet. 

f a i t  que l a  r g p a r t i t i o n  en c l a s s e s  des  cratgres ne va r i e  pas avec l ' i n -  

t e r v a l l e  de diamgtre conside're', pour des  diamgtres sup6rieurs  & 20 k m ,  

indiquent que tous l e s  crat&res & p a r t  l e s  plus  grands ont e'te' soumis & 
une e'rosion e t  & une des t ruc t ion  importantes au cours de l ' h i s t o i r e  de 

Mars. 

ment relie'es dans l e  temps. 

L e s  cratGres fu ren t  i den t i f i e ' s  e t  compte's en em-  

Le de'nombrement des  cra- 

L'observation d i r e c t e  des photographies a i n s i  que l e  

Les  e'poques de formation e t  d'e'rosion des cratGres  sont  e ' t ro i te -  ' 

En remplaqant l a  d i s t r i b u t i o n  observe'e des cratGres en fonct ion de 

l e u r  diamgtre par  une courbe continue obtenue par  me'thode s t a t i s t i q u e  e t  

en supposant une densite '  d i f f e ' r e n t i e l l e  du nombre des  cratgres,  de l a  

forme ADsB, on ob t i en t  B = 2 ,5  - 0 , 2  pour D > 20 km, ou B = 3,O - 0 , 2  

pour D > 30 km. On suppose ensui te  que l a  population des  p r o j e c t i l e s  

conside're's come  responsables de l a  formation des  cratGres, est  t e l l e  

que l a  densite'  d i f f 6 r e n t i e l l e  du nombre des  p r o j e c t i l e s  va r i e  c o m e  X 

en fonct ion du diamGtre X du p r o j e c t i l e .  

e t  d ' o b j e t s  du type "Apollo" qui  t r ave r sen t  l ' o r b i t e  de Mars, es t  t r o p  

f a i b l e  par  p lus  de deux ordres  de grandeur pour pouvoir rendre compte 

de l a  densite'  du nombre des  c r a t b e s  observ6s s u r  Mars. Dans l e  cas 

d 'ob je t s  du type ast6rsi 'de pour lesquels  f3 = 2 ou 3 ,  l e s  densite's cal- 

culges  e t  observe'es ne sont en bon accord que si  l ' o n  suppose une e'poque 

i n i t i a l e  caractCrise'e par  un trGs f o r t  taux de formation des  cratsres 

s u r  M a r s .  Pour @ = 4 ou 5 ,  l ' accord  e n t r e  l e s  densite's observe'es e t  

+ + 

-B 
Le nombre des comGtes "actives" 
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calcule'es peut 6tre assure' moyennant un taux de bombardement asteroi'dal 

presque uniforme. 

grands cratGres semble indiquer une valeur de j3 supgrieure & 3 de faSon 
apprkeiable. Cette hypothhse n'est pas en contradiction avec les esti- 

mations faites pour les astgroTdes de diambtre supt?rieur & 1 km dans la 
partie infdrieure de la ceinture ast6roidale. Dans ce cas le diamktre 

1/3 du crat'ere varie avec l'dnergie cinetique W du projectile comme W 

L'absence de bombardement de saturation pour les plus 

. 
Pour toutes valeurs raisonnables de j3, les dommages & l'impact 

contribuent & 1'6rosion et 'a la destruction du cratire. 
de surface couverte par les cratkres est de l'ordre unite. 

valeurs raisonnables de j3, le bombardement astdroydal est capablc de 
rendre compte quantitativement des valeurs observ6es pour A, aussi bien 
que pour B ,  surtout si la zone de destruction autour des cratires est 

plus grande dans le cas de Mars que dans le cas des cratGres lunaires. 

Pour des bombardements proches de la saturation, les observations ob- 

tenues sont d'une utilite trks reduite pour determiner la valeur de j3 

ou pour distinguer entre le bombardement de saturation et d'autres sour- 

ces d'6rosion telles que la poussikre d'impact souffl6e par le vent ou 

d'origine microm&t&oritique, l'eau liquide en grande quantite ou 'a 1'6- 
chelle microscopique, la formation de montagnes et les Qcoulements de 

lave. 

de Mars a 6t6 estimee d'une profondeur de 0,l 'a plusieurs kilomktres. 
9 Les calculs ont montr6 que le plus grand cratkre detruit en 4,5 x 10 

annees a un diamitre entre 60 et 180 km; pour la durge de survie 'a 1'8- 
rosion, que l'on suppose de la forme D , a a 8t6 trouv6 voisin de zero  

pour fl = 2 ou 3 ,  et 1 <_a 5 2 , 5  pour f3 = 4 ou 5 .  

La proportion 
Pour toutes 

La couche de poussi'ere produite par impact au cours de l'histoire 

a 

I 

Pour B < 3, les &ges moyens des cratires sur Mars ont e't6 trouve's 
approximativement 6gaux A l'&ge de la plankte. 

de maniGre apprckiable, des crat&res differents auront des Bges moyens 

diffirents, allant d'environ 2,25 x 10 
jusqu'8 quelques dizaines de millions d'ann6es ou moins pour les cra- 

tires de diamitre infgrieur B 20 km. Auquel cas il est possible que des 

reliefs de surface de l'ordre de 10 km de largeur ou moins aient pu "ere 

Toutefois, pour j3 > 3 

9 ann6es pour les plus grands 

i X  



trks marques au ddbut de l'histoire de Mars sans que l'on puisse les 

dbceler sur les photographies de Mariner 4. Ainsi, l'absence de signes 

indiquant la prgsence d'eau courante tels que des valldes de fleuve, 

sur la photographie de Mariner 4 ne fournit aucune information quant h 
la pr6sence de nappes d'eau au debut de l'histoire de Mars. 

sions concernant les Zges sont ind6pendantes des ̂ ages estimgs des mers 

lunaires. I1 existe une faible indication d'une corrglation entre les 
zones 2 forte densit.4 de cratGres et les zones sombres de Mars. 

Ces conclu- 

P 

X 
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AN ANALYSIS OF THE MARINER 4 PHOTOGRAPHY OF MARS 

Clark  R. Chapman, J a m e s  B. Pollack, and C a r l  Sagan 

1. INTRODUCTION 

On July 15, 1965 (UT) ,  the United States spacecraft  Mariner  4 obtained, 

f r o m  a distance - 15,000 km, a sequence of 22 photographs of the surface 

of Mars. A prel iminary discussion of the first 15 f r ames  ( f rames  16 to 22 

lacked usable contrast)  was made by the experimenters (Leighton, Murray, 

Sharp, Allen, and Sloan, 1965) with particular emphasis laid on the s ta t is-  

t ics  of the c r a t e r s  discovered in this pioneering mission. 

cri t icized and fur ther  discussed by others  in a se r i e s  of shor t  reports  

(Anders and Arnold, 1965; Baldwin, 1965; Witting, Narin, and Stone, 1965; 

Opik, 1965, 1966; Binder, 1966; Hartmann, 1966). We present h e r e  a new 

reduction of the photographic data with applications to the origin, age, and 
history of the c ra t e r s .  

Their  report  was 

This work was supported in pa r t  by Grant  NGR 09-015-023 f rom the National 
Aeronautics and Space Administration. 



2. A NEW REDUCTION O F  THE CRATERING STATISTICS 

n 

Three  basic sources  were  employed for  the Mariner  4 photography: 

1) several  s e t s  of 8. 5- X 11-inch glossy prints of the digital-to-analog con- 

vers ion kindly provided by the experimenters  and the J e t  Propulsion Labora-  

tory; 2) a set  of high-quality 3. 5- X 3. 5-inch positive t ransparencies  of the 

same bit conversion prepared a t  the Je t  Propulsion Laboratory and provided 

through the kindness of Dr.  J a m e s  Edson; and 3) a se t  of high-contrast posi- 

tive t ransparencies  prepared photographically by Mr.  Charles Hanson of the 

Smithsonian Astrophysical Observatory f rom se t  2 . 

These sources were  then used to compile a c ra t e r  catalog. The prepara-  

tion of such a catalog i s  a nontrivial task. 
c r a t e r  studies provides severa l  examples of incomplete o r  inexact c r a t e r  

counts leading to erroneous conclusions. 

graphs, the difficulties a r e  augmented by the poorer photographic quality, 

the generally sma l l  so la r  zenith angles, and problems in the connection of 

the photometric response of the video system for  adjacent f rames .  One of 

us (CRC) has had experience in measuring and classifying lunar c r a t e r s  

(Arthur, Agnieray, Horvath, Wood, and Chapman, 1963, 1964) and is 

pr imari ly  responsible for  compiling the catalog of Martian c ra t e r s  (and 

possible c r a t e r s )  presented a s  Appendices A and B. 

The recent history of lunar 

In the case of the Mariner  photo- 

The other two authors 

have checked these identifications. 

catalog that spurious c r a t e r s  may be listed, but a catalog that includes only 

the entirely unambiguous fea tures  can be very misrepresentat ive - especially 

in the present  case  of sma l l  solar  zenith angles, relatively poor contrast  

discrimination, and heavily eroded c ra t e r s .  Thus, while we have included 

There i s  always the danger in such a 

a feature only when there  appears  to be good indication f r o m  severa l  l ines of 

evidence that it is indeed a c ra t e r  (such cr i te r ia  as circularity and 

appropriate illumination were  weighted heavily), there  may be severa l  objects 

l isted that a r e  not t rue  c ra t e r s .  

distinguishes unambiguous f rom ambiguous c ra t e r s .  

The column of the catalog headed "qualityr1 

F o r  all of the analyses 

3 



based on this catalog, the doubtful objects will be ignored. 

f r ames  have a ground resolution of under 4 km, there  a r e  relatively few 

entr ies  in the catalog with diameters  < 10 km, owing to the poor quality and 

poor visibility of the sma l l e r  c r a t e r s .  

best t ransparencies  gives the distinct impression of many small c r a t e r s  

slightly l a rge r  than the limiting resolution (a few scan lines across) .  

Representative diagrams,  showing the approximate positions and qualities of 

c r a t e r s  in selected frames,  a r e  displayed in Figures  1, 3, and 5. The c o r -  

responding photographs are duplicated in  Figures  2, 4, and 6. Many of the 

c r a t e r s  a r e  visible only on the original t ransparencies  and prints, and not 

in halftone reproductions. 

s e t  of Mariner  4 photographs here.  

usable f r ames  "Pictures ,  I '  and have numbered them sequentially. 

Although the best  

However, close inspection of the 

Therefore,  we have not reproduced the entire 

The experimenters  have called the 

Table 1 summarizes  the relevant parameters  for  each usable f rame.  

The photographic-quality entry i s  a subjective measure  of the clar i ty  of a 

given picture, assuming that the region of the Martian surface in question has 

a well-defined intrinsic contrast .  

in quality f rom f r ame  to f r ame  a r e  the solar-illumination angle, the photomet- 

r i c  -function program of the video system, surface erosion, and overlying 

clouds. 

clouds of the region of P ic tures  12 to 15 a few days before encounter. 

resolution is displayed in Table 1 a s  kilometer per  line - the surface displacement 

corresponding to the video line separation. 
the catalog is probably complete down to c r a t e r s  a few resolution elements 

ac ross ,  at  least for  the less eroded c ra t e r s .  

ness  - particularly for  c r a t e r s  of small diameter  - can be expected f o r  pic- 

t u re s  where the quality is only "fair. Rounded-off es t imates  of the dimen- 

sions and a r e a s  of the Mart ian surface regions viewed in each picture, and 

the color filter used, a r e  a l so  displayed in Table 1. 

Among possible reasons for  a variation 

A. Dollfus (1 965, private communication) reports  obscuration by white 

The 

F o r  pictures of "ve ry  good" quality, 

Considerable lo s s  in complete- 

4 



Figure 1. Low-quality reproduction of P ic ture  4 of the Mariner  4 
photographic sequence. 
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Figure 2. Sketch of the position of cataloged c ra t e r s  (Appendices 
A and B), P ic ture  4 of the Mariner 4 photographic 
sequence. 
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Figure 3. Low-quality reproduction of P ic ture  7 of the Mariner  4 
photographic sequence. 
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Figure 4. Sketch of the position of cataloged c ra t e r s  (Appendices 
A and B), P ic ture  7 of the Mariner  4 photographic 
sequence. 
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Figure 5. Low-quality reproduction of P ic ture  11 of the Mariner  4 
photographic s eque nc e, 
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Figure 6. Sketch of the position of cataloged c r a t e r s  (Appendices 
A and B), Picture  11 of the Mariner  4 photographic 
sequence. 
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The catalog in Appendices A and B presents a l l  c lear  c r a t e r s ,  and many 

additional ambiguous crater- l ike objects, on P ic tures  2 through 15. Because 

P ic tures  2 through 6 are  of generally poorer quality (cf. Table l ) ,  c r a t e r s  in  

those pictures have been separately l isted in Appendix A. 

7 through 15 a r e  listed in Appendix B. 

is much higher for Appendix B than for  Appendix A. 

to 298, is  assigned to each entry.  

a few entries have been dropped upon closer scrutiny; as a result, some 

sequence numbers (e. g. , 124) do not correspond to probable c ra te rs .  

a c ra t e r  appears in the overlap region of two adjacent f rames ,  separate  

values a r e  listed under the same sequence number; in la ter  data reduction 

such c ra t e r s  a r e  counted only once. The approximate positions of c r a t e r s  

in the catalog are distances in centimeters f rom the south and west edges of 

the 8.5- X 11-inch prints distributed by NASA, and a r e  intended for  orientation 

of the reader  interested in comparing his prints with the catalog. 

diameters  displayed were measured in  the unforeshortened direction and 

a r e  uncertain to a few kilometers.  

Cra t e r s  in P ic tures  

The reliability of c r a t e r  identification 

A sequence number, 1 

After iteration in  compiling the catalog, 

When 

Cra te r  

There a r e  uncertainties in the reliability of identification of features 

f rom f rame to f rame,  and within a given frame.  

this reliability is a parameter  we call c r a t e r  quality, to be distinguished 

f rom the picture quality of Table 1. 

picture quality, so la r  zenith angle, c r a t e r  diameter,  and c ra t e r  c lass  

( see  below). 

a r e  definitely Martian surface features,  and a r e  probably c ra t e r s .  Quality 

A qualitative measure  of 

Fac tors  affecting c ra t e r  quality include 

Quality A objects a r e  definitely c ra te rs .  Quality B objects 

C objects may be c ra te rs .  

omitted because of positive identification as photographic defects, o r  because 

the lighting was not that expected for a c ra t e r  with the known so lar  illumination. 

Because of the relative clar i ty  of lunar photography, it is not customary to 

introduce a crater-quali ty parameter  in lunar studies. 

Some more-or - less  c i rcular  features were 

To be distinguished f r o m  c ra t e r  quality is a parameter  called c ra t e r  

c lass ,  which is customarily employed in lunar studies. The classifications 

1 through 4 are a n  index of c r a t e r  morphology. F o r  Martian c r a t e r s  we find 
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(as for lunar  and t e r r e s t r i a l  c r a t e r s )  a continuous spectrum of c ra t e r  forms,  

varying f rom f resh ,  sharp,  c i rcular ,  deep c r a t e r s  with concave floors and 

raised r ims  (Class 1) to features  so severely deformed o r  eroded as to be 

barely recognizable as c r a t e r s  (Class  4). 

a r e  produced by hypervelocity impact of as teroidal  and cometary debris,  

then they mus t  have all begun as Class  1 c ra t e r s ,  subsequently undergoing 

processes  of deformation and erosion leading to c r a t e r s  of higher c lass .  

Similar classification schemes a r e  widely used in lunar studies (Young, 1940; 

Baldwin, 1963; Arthur et a1 , 1963, 1964; Arthur ,  Agnieray, Horvath, Wood, 

and Weller 1965; Arthur ,  Pe l l icar i  and Wood, 1966; Hartmann, 1965), and 

have proved useful despite the differences among classification schemes. 

If l a rge-sca le  Martian c ra t e r s  

The four c lasses  employed in the present  study are  defined a s  follows: 

Class  1: These f resh ,  uneroded c r a t e r s  a r e  character ized by a 

prominent ra i sed  c i rcu lar  rim, a concave floor, and no appreciable soften- 
ing o r  overlapping by other c ra t e r s .  

Class  2: These c ra t e r s  a r e  somewhat l e s s  perfect and prominent than 

those of Class  1. They have complete, relatively high walls, although some 

degree of softening and slumping may be evident. 

the floor may be flattened, although much of the inter ior  of the c ra t e r  remains 

bowl-shaped. 

The central  portions of 

There  may be some overlapping by smal l  c ra te rs .  

Class 3: These c r a t e r s  have flat floors. The walls a r e  considerably 

lower in proportion to the crater diameter  than for  Classes  1 and 2, but 

they a r e  still quite apparent and m o r e  o r  less complete. 

show some departure  f rom circularity and may be overlapped. 

features  may appear somewhat softened. 

The c r a t e r  may 

Its 

Class  4: These c r a t e r s  have very low walls, often with la rge  portions 

barely distinguishable o r  missing. 

may  show considerable departures  f r o m  circular i ty  and is very  battered 

and eroded, marked  by much softening of detail, filling, and overlapping. 

The f loors  are entirely flat. The c r a t e r  

13 



This classification is  comparable to that of Arthur e t  a1 . 
1965, 1966), with the exception that Class 5 is here  omitted. This c lass  

includes c ra t e r s  so severely destroyed a s  to be marginally visible, even 

on the best lunar photographs taken a t  l a rge  so la r  zenith angles. 

Martian c r a t e r s  - in the few instances that they a r e  detectable - a r e  included 

a s  Class 4 objects in the present  catalog. 

classification should be quite comparable with that of Arthur e t  al. 

In classifying Martian c ra t e r s ,  comparison was made with lunar c ra t e r s  on 

(1963, 1964, 

Similar 

With this exception the present  

photographs with s imi la r  so la r  zenith angles. 

on the distribution of brightness over the c ra t e r ,  were  used to determine 

Martian c ra te r  character is t ics  a s  a r e  routinely used in  lunar studies. One 

of the principal applications of the catalog, presented below, is  an  analysis 

of erosion on the Martian surface.  

c r a t e r s  were generally given the lowest classification consistent with their  

appearances - i. e. , the effect of solar  illumination was slightly over- 

compens a t  ed f o r . 

The same standards, based 

To t rea t  this problem conservatively, 

The classification scheme presented here  should be largely independent 

of such factors  a s  c ra t e r  diameter  and solar  zenith angle; the vast  majority 

of classifications fal l  on a relative scale that 

independent classifier attempting to follow the class  definitions above. 

In making the absolute classifications, we have assumed that the prevailing 

Martian t e r r a in  is not very rugged, consistent with the low general  slopes 

deduced f rom rada r  Doppler spectroscopy (Sagan, Pollack, and Goldstein, 

1967). because of 

difficulties introduced by the high altitude of the sun. 

should be duplicated by any 

Some c ra t e r s  were not classified on the ear ly  f r ames  

After completion of the catalog and analysis of the present  paper, a 

preliminary announcement was made of the production of electronically 

dodged, contrast-enhanced Mariner 4 f rames ,  prepared by the experimenter 

team (Leighton, 1967). The total number of fa i r ly  unambiguous c r a t e r s  

detected on the new f r ames  is  about 300, very  close to the number of c r a t e r s  

reported in the catalog of the present  paper. F o r  this reason, and for 

14 



reasons discussed above and below, we believe that the analysis of the 

present paper does not require  significant modification because of the new 

photographic reduction. 
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3 .  CRATER EROSION AND OBLITERATION 

We assume that the la rge  detectable Martian c r a t e r s  a r e  of impact origin, 

a s  is generally believed to be t rue  for lunar  c r a t e r s  of comparable size.  

An inspection of the c ra t e r  catalog (Appendices A and B) reveals that a 

F o r  example, significant fraction of the c r a t e r s  belongs to Classes  3 and 4. 
of the 53 Quality-A and-B  c ra t e r s  on Pictures  7 through 14 with diameters  

l a rge r  than 20 km, 8770 a r e  members  of Class  3 o r  4. 

c r a t e r s  would initially belong to Class  1, we conclude that many c r a t e r s  have 

been significantly modified o r  eroded since their  t ime of formation; they 

have been largely filled in and in  some cases  their  rampar ts  have been 

breached . 

Since all impact 

It is natural  to ask  a t  this point whether some c r a t e r s  have been so  

severely damaged as to  be indetectable on the Mariner  4 photographs. 

inspection of Cra te r  217 of P ic ture  11 suggests that  some of the smal le r  
c r a t e r s  would be almost completely obliterated. If a c r a t e r  150 km in diam- 

e t e r  can be significantly eroded (among other  criteria, its western rampar ts  

a r e  entirely missing),  then smaller c r a t e r s  of a similar o r  grea te r  age may  

be entirely expunged. In the following discussion we will distinguish between 

erosion and obliteration, defined as above. 

An 

To explore this ma t t e r  in  grea te r  detail, we have determined the fraction 

of c r a t e r s  in each c l a s s  fo r  severa l  diameter  intervals. 

sented in Table 2. 

l a te r  c lasses ,  a point to  which we will  re turn  shortly. 

diameter interval above 20 km, the class  percentages are  remarkably 

The data a r e  pre-  

Below about 20 km, incompleteness sets  in for the 
We see  that for  the 

similar. 

l a r g e r  than 20 km, and permi ts  us  to use the extensive erosion of the l a rge r  

craters to infer obliteration of the smal le r  c r a t e r s .  

This suggests a common erosion history for c r a t e r s  of diameter  
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Table 2. 

Region 

Mars ,  
P ic tures  7-14, 
Quality A and 
B 

Lunar 
Highlands 
(selected pure 
continental 
regions ) 

C r a t e r  percentages by c lass  a t  several  diameter 
intervals for  Mars  and the Moon 

Class  

1 

2 

3 

4 

1 

2 

3 

4 

Diameter inte rval  (km) 

10-15 15-20 20-30 30-60 >60 5-10 

38 

58 

2 

2 

18 

25 

44 

13 

11 

26 

43 

20 

17 

23 

35 

25 

14 

24 

29 

33 

14 

26 

24 

36 

4 

9 
46 

41 

7 

27 

24 

42 

4 

8 

34 

54 

1 

19  
25 

55 

0 

14 

43 

43 

4 

12 

32 

52 

The near  constancy of c l a s s  membership for  different diameter  intervals 

above 20 km can be used to establish a lower bound on the s ize  at which 

obliteration begins. 

D and class  i. 

of the t ime spent as a c ra t e r  of c l a s s  i to  that spent a s  a c r a t e r  of c lass  j, 

ti(D)/tj(D), will equal the observed ratio of membership ,in the two classes ,  

which may be found f rom Table 2. If Der represents  the maximum diameter 

of c r a t e r s  that suffer obliteration, then Zi= 

during which erosion occurs. 

will be relatively fewer belonging to  Class  4, and the fraction of Class  4 objects 

will be given by 

Let  ti(D) represent  the lifetime of a c ra t e r  of diameter 

If the erosion processes  have time-invariant ra tes ,  the rat io  

.I. 

4 * 
ti(D ) will equal the time sca le  

.I. 

F o r  craters with diameters  exceeding D-, there  

18 



4 3 

i= 1 i= 1 
f4W = 4 

ti(D") 

i= 1 

4 3 

forx ti(D") 2x ti(D) ; 

i= 1 i= 1 

f4(D) = 0 

4 3 
.L 

f o r  C ti(DT.) <E ti(D) - 
i= 1 i= 1 

Similar  resul ts  will apply even when the erosion r a t e s  are t ime variable. 

We  now express  equation (1)  in a m o r e  useful form.  Suppose t l(D) 
.I. a scales as D , fo r  D < D**. Table 2 implies that ti(D)/t.(D) is independent of 

D fo r  D < D", and so all ti(D) will scale as Da f o r  D < D . Fur thermore ,  

whenever f (D) > 0 such  a scaling will  be preserved  for  Classes  1 through 3.  

Thus equation (1) becomes 

J, 

4 

i= 1 
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.I. 

The ratio of the summations over  ti(DSr) as well as f4(D) can be obtained 

f rom Table 2; D'r can  then be obtained f r o m  equation (2) fo r  a given choice of 

D and a.  

based on only seven c ra t e r s ,  the uncertainty in f4(D) may be (as much as) a 

factor  of 2. Any deviation f r o m  constancy fo r  c lass  proportions is expected 

only for the la rges t  c r a t e r s ,  because the s ta t is t ics  a r e  good except for 

D > 60 km. Taking D = 90 km, an  average value for the range D > 60 km, and 

f4(D) a s  one-half the value relevant for  the smaller c ra t e r s ,  we obtain a lower 

limit on D*, Dmin; i. e . ,  DLin is the smallest possible diameter  of a c r a t e r  S O  

large that obliteration is becoming ineffective. 

a r e  given in Table 3 for  various choices of a. 

that the values of a given in Table 3 cover the plausible range. 

.I. 

Since the c lass  membership fo r  c r a t e r s  l a r g e r  than 60 k m  was 

.b -r 

.* 
The resulting values of D"' 

W e  show in Sections 4 and 6 
min 

.I# 

Just as D1' measu res  the la rges t  diameter  a t  which obliteration is effec- 

tive and at which the percentage of Class  4 c r a t e r s  equals the equilibrium 

value, D'. measu res  the diameter  at which c lass  j ceases  to contain 

the equilibrium number and has fewer members .  The relevant equa- 
4 * 

tion for  D! is given by setting the total  erosional time, I= i=l t i (D ), equal to the 

time for  an ear ly  crater of d iameter  D' to jus t  cease  being a c l a s s  j object, 

ZJ 

D* 

well as for  Class  1,  will therefore  hold fo r  diameters  comparable to  o r  

l a r g e r  than the ones listed in  the c r a t e r  catalog. 

-J 

J 

t (D'). The resul ts  are  shown in Table 3 for  Classes  2 and 3 ,  where 
i=l i .I. 

was used to es t imate  D*'. min  Equilibrium values for  these classes ,  as 

Table 3 .  Minimum diameters  fo r  obliteration and equilibrium 
c l a s s  membership 

a 
.I. .I. 

Dmin Di min 

2 75 103 200 

1 62 117 477 

1 /2 43 152 2,540 

1 / 4  21 26 3 73,000 
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:$ 
The value of D . for  a = 1/4  is actually too small, since this would lead m in 

to  f4(D) = 0.25 fo r  the diameter  interval 30 to  60 km. 

tradiction to  the data fo r  this interval in Table 2, which are based on 24 

c ra t e r s .  

erosional mechanisms can be  expected to  have a 2 0. 5. Thus, 43 k m  will be  

a lower limit to  D".. 

need not be any obliteration. 

Such a value is in con- 

Fur thermore ,  with the exception of the case  a = 0, all plausible 

4. 

In the a = 0 case,  discussed below, there  of course 

.. 
Hartmann (1966), Binder (1966), and Opik (1966) have claimed that oblit- 

erat ion sets in at about 50 km, 40 km, and 20 km, respectively. They base 

this conclusion on finding fewer c ra t e r s  below these diameter  l imits  than 

would be implied by a simple extrapolation of the diameter-frequency relation 

for  the l a rge r  sized c ra t e r s .  Hartmann's and Binder 's  resul ts  actually do not 

c lear ly  indicate a deficiency except for  c r a t e r s  with diameters  below about 20 km. 

We believe these deficiencies may have been influenced by observational 

incompleteness. While the s h a r p  Class 1 objects can be observed down to 

such smal l  diameters  as a few kilometers,  a s  limited by the resolution of 

the video system and the quality of the picture,  the later c lass  c ra t e r s  will 

show incompleteness at l a rge r  diameters.  

Between 5 and 10 km, only 470 of the c r a t e r s  in the catalog a r e  of Class  3 o r  4. 

The re  seems to be some incompleteness up to at leas t  20 km. Since Class  3 

and 4 c r a t e r s  constitute a major  fraction of the l a rge r  c ra t e r s ,  their  incom- 

pleteness a t  sma l l e r  diameters  could easily lead to the effect found by 

Hartmann, Binder, and Opik. Fur thermore ,  we have included less obvious 

c ra t e r s  than have these two authors. 

Table 2 i l lustrates  this point: 

[Note added in  proof: Leighton, Murray, Sharp, Allen, and Sloan (1967), 
I 

f r o m  a study of the Mariner  4 vidicon-response function and particularly 

f r o m  a study of plaster-of-par is  models of c r a t e r s  photographed with the 

Mariner 4 system, deduce a real discontinuity at about 20 km. However, 

their  c r a t e r  models a r e  of wel l -preserved (Class 1 and 2) c r a t e r s ,  not of 

the m o r e  poorly preserved  c r a t e r s  that suffer incompleteness ear l ie r .  

examining the resul ts  of Leighton, et al., find that a bend in the 
In 
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diameter-frequency curve begins a t  about 30 km o r  slightly l a rge r  diameters.  

We suspect that this difference is  due in par t  to  the inclusion by Leighton, 

e t  a l . ,  

additional reasons mentioned above, we a r e  not persuaded that a 20- o r  

30-km break i s  rea l . ]  

of the f rames  of poorer quality. Fo r  these reasons and for  the 

The percentages of c r a t e r s  by class  a lso permit  us to  make a rough 

comparison between the t imes of the las t  significant erosion and the las t  

important epoch of c ra t e r  formation. The existence of many badly damaged 

c r a t e r s  implies erosion could not have stopped until close to  o r  af ter  c r a t e r  

formation ended (or a t  least  greatly slowed down). 

c r a t e r s  of Classes 1 and 2 shows that erosion could not have continued long 

a f t e r  the las t  period of bombardment. 

compatible with, although not uniquely indicative of, a uniform ra te  of c r a t e r  

formation and erosion, continuing to  the present.  

saturation bombardment a s  the principal c r a t e r  - erosion mechanism. 

The presence of some 

This conclusion is,  of course,  

It i s  a l so  compatible with 

In summary, many of the observed c r a t e r s  have been severely eroded;  

and, except f o r  one choice of a, complete obliteration of the oldest c r a t e r s  

smal le r  than 4 3  km and perhaps of some l a rge r  during the history of Mars  

is inferred.  

in time. 

Cra t e r  formation and erosion appear to be closely t ied together 
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4. SOURCES OF IMPACT CRATERS 

We will attempt to  find the most  abundant source of impacting objects 

and see  to  what extent i t  can account fo r  the observed number of Mart ian 

c ra t e r s  . 

Kuiper (1959), Opik (1960), and others  have suggested that some of the 

l a rge  lunar  c r a t e r s ,  particularly i n  the m a r i a  a reas ,  can be attributed to 

cometary impact. Some of these comets a r e  "dead" short-period comets 

consisting only of nuclei that have survived disintegration due to  heating, 

outgassing, tidal interaction, etc. An upper limit on the number of such 

comets can be found by considering all members  of the Apollo group to  be 

"dead" comets. 

orbi t  of the Earth.  

exceeding 1 km. 

ness ,  the actual number of Apollo members  with a diameter  in excess  of 1 

k m  may be about 40. 

m a y  be twice as many ''live'l comets crossing the  Ea r th ' s  orbit  with diameters  

in excess of 1 km. 

ing through a planetary atmosphere.  

generous one) to  the number of Earth-crossing comets with diameters  in 

Apollo objects a r e  the la rges t  bodies known to c r o s s  the 

Of the eight observed members ,  seven have diameters  

Opik (1963) points out that, owing to  observational incomplete- 

Opik a l so  est imates  f rom the observaticns that there  

Many of these live comets may be destroyed in  pass-  

Thus, an upper limit (and perhaps a 

excess of 1 km and capable of producing large c r a t e r s  is about 100. 

f igure will hold for the number of Mars-crossing comets;  fur thermore  this 

figure should be fairly constant with time. 

A s imi la r  

A second source of impacting bodies on Mars  is Mars-crossing 

asteroids  that derive f rom the asteroid belt located between the orbits of 

Mars  and Jupiter. The re  are 10 observed Mars-crossing asteroids  with 

diameters  l a r g e r  than 20  km. 
between X and X t dX, where X >  20 km, is given approximately by a power 

law dependence: 

The number of as teroids  with diameters  
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n(X)dX = 200 X-2 dX, 

(cf. Opik 1963). F o r  diameters  

X in km, 

x > 2 0 k m  ( 3 )  

smaller than 20 km, incompleteness se t s  

in, and it is not neces sar i ly  valid to assume that n(X) will continue to  scale 

a s  X . -2 

In extrapolating n(X) a s  X-’ f rom 20 k m  to 1 km, the values of 2 and 5 

a r e  probably extreme limits to the value of the exponent. 

found the exponent p ranging f rom 2.8 to 4 .6  depending on the position of the 

asteroid in  the asteroid belt for  objects with diameters  between about 5 krn 

and 20 km. More recent work, still unpublished, by C. J. and I. van Houten 

(G. P. Kuiper, private communication, 1965) suggests a value of 2. 9. Large  

incompleteness corrections a r e  involved in this work. The asteroids  impact- 

ing Mars  and causing the c r a t e r s  observed by Mariner  4 will  be sma l l e r  than 

the usual as teroids  observed f rom the Earth,  and will a r i s e  preferentially 

f rom the inner par t  of the asteroid belt. 

a higher value for the size-distribution exponent, p, than applies to the 

observed asteroids  a s  a whole: Small  as teroids  have probably been involved, 

on the average, in more  collisions than la rge  asteroids  and should therefore  

be characterized by la rger  values of (3. 

hundreds of hours produces a distribution function with p approaching 4 

(Gaudin, 1944) and monotonically increasing with time. More prolonged 

grinding may produce even l a rge r  values of p. Hawkins (1960) concludes 

that both asteroid and meteori t ic  observations are consistent with p = 4. 

In order  to understand the shor t  cosmic-ray exposure ages of chondrites, 

Arnold (1965; see  a l so  Wetherill, 1967) was forced to postulate (3 approaching 

4 for  X < 6 km. 

the asteroid belt have a l so  probably encountered m o r e  collisions than asteroids  

with present orbital  positions near  the center of the belt; and, by the same  

argument, l a rge r  /3 should prevail  f o r  them. 

ence of p on X and position has,  in fact, been presented (Kuiper, Fugita, 

Gehrels, Groeneveld, Kent, van Biesbroeck, and van Houten, 1958), but 

fur ther  work is clear ly  needed. 

Kuiper et al. (1958) 

Both circumstances should lead to 

Grinding of quartz  in mills for some 

Mars-cross ing  asteroids  that originate f r o m  the center of 

Some evidence for  such a depend- 

In any case,  we expect that  p for  our problem 
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will be l a rge r  than the mean values usually quoted. 

that, between 20 km and 1 km, n(X) sca les  somewhere between X 

We will suppose initially 

and X-5: -2  

n(X) = k l  X -P , 5 L P 2 2, 

X < 2 0 k m  . (4) 

The constant k l  may be found by demanding that equations (3) and (4) agree  
2 at X = 20 km. 

3. 57 X 10 for p = 4. 5, for  X measured in kilometers.  

crossing asteroids  a t  the present  t ime  with diameters  in excess  of 1 km is found 

by integrating n(X) f rom unity to  infinity. 

6 . 0  X 10 fo r  p = 2. 5 and 1 . 0  x 10 

In this way we find kl to be 8 .93  X 10 fo r  (3 = 2.5 and 
5 The number of Mars-  

The resul t ,  N(X > 1 km), is  
2 5 fo r  p = 4. 5. 

We next attempt to  find the number of c r a t e r s  produced by cometary 
9 and asteroidal  objects in T$ = 4. 5 X 10 

and compare this f igure with the observed number of c r a t e r s .  

initially that the present distribution of impacting objects is representative of 

the ent i re  planetary history, an assumption good for  the comets and m o r e  

problematical for the asteroids .  

years ,  the approximate age of Mars ,  

W e  a s sume  

The relevant equations for  the production of c r a t e r s  by impacting objects 

has  been given in many places (see,  e. g . ,  Baldwin, 1963), and we sum- 

mar i ze  them here.  The c r a t e r  diameter,  D, produced by an object of diam- 

e t e r  X, is related to the kinetic energy, W,  of the impacting object: 

1 l T x  3 1 l v  
D = k2 W1 lV = k2[Z (9s) Vt2] , 

where p is the density of the impacting object and Vt its velocity immediately 

before impact. is usually estimated f r o m  the s ize  of c r a t e r s  

produced by manmade, particularly nuclear, explosions of known energy, 

and equals approximately 8 X l o m 2  when D is in kilometers and W in kilotons 

of TNT equivalent (4.19 X 1 O1 

The constant k 2 

e rgs)  (Shoemaker, Hackman, and Eggleton, 

1961); k depends only slightly on the choice of u. 2 
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The best es t imates  of v l ie between 3 and 3.6 (Shoemaker -* et  a1 ’ 
1961; Baldwin, 1963). The reader  is cautioned, however, that these 

values of v a r e  based pr imari ly  upon t e r r e s t r i a l  explosions of much 

smaller  energies than the ones of interest  in  the present discussion. 

that when v = 3, D E X .  

Note 

The value of Vt is related to  V W ,  the relative velocity of the impacting 

object and Mars  at a la rge  distance f rom the planet, and to Ve, the escape 

velocity, by energy conservation: V = V t o o  
and Vc0 has a n  average value of about 10.5 k m  sec 
asteroids  and a s imi la r  value fo r  the comets (Opik, 1963). 

-1 -3  
approximately 11. 5 km sec  

a density typical of iron-nickel meteorites,  and p = 1/2 g c m  

2 2  2 -1 
t Ve. F o r  Mars,  V e is 5.1 k m  sec  , 

-1 for  the Mars-crossing 
Thus Vt i s  

-3  
. We choose p = 7 . 8  g c m  for  the asteroids,  

for  the comets. 

W e  now relate  the number of potential impacting bodies to the number of 

c r a t e r s  they will produce. 

objects with diameters  in excess of Xc equals the number of such objects 

divided by their  lifetime against impact, ta: 

The number of impacts per  unit time involving 

9 This, in  turn,will equal the number of c r a t e r s  formed in  4. 5 X 10 years ,  

00 
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Here, D 

e t e r  Xc; nf(D) dD is to be distinguished f r o m  n(D) dD, which is  the frequency 

relation for  current ly  observed c r a t e r  numbers between D and D 4- dD on the 

ent i re  Martian surface;  t 
and about half this figure for  comets (opik, 1963). 

is the diameter  of a c r a t e r  produced by an impacting object of diam- 
C 

9 is approximately 7.4 X 10 yea r s  for  as teroids  
E; 

A stat is t ical  curve-fitting program for  c ra t e r  diameter-frequency 

relations, derived by Chapman and Haefner (1967) for  the Moon, is he re  

applied to Mars .  We use differential ra ther  than cumulative c r a t e r  f re -  

quencies. 

diameter  increment centered on D is  expressed a s  n(D) = AD ; values of 

A and B can then be derived by use  of the data in  the c r a t e r  catalog of the 

appendices. The parameters  A and B vary to some extent with c ra t e r  diam- 

e te r ,  c r a t e r  c lass ,  and quality; but a f te r  extensive study, we have found that 

generally the c ra t e r  sample is too sma l l  to allow reliable es t imates  of these 

variations. 

1969 Mariner)  can obtain five t imes  better surface coverage with the same  o r  

improved resolution, much m o r e  refined s ta t is t ical  analyses will be possible. 

The number of c r a t e r s  on Mars  having diameters  within a 1-kin 
- B  

If future photographic missions to Mars  (such as the projected 

The weighting in the curve-fitting procedure allows for  the differing 

number of points in each diameter increment, whidh gives g rea t e r  

weight to smal le r  diameters  where c r a t e r s  a r e  most  numerous. 

it i s  crucial  to determine the maximum diameter  at which some observational 

incompleteness exists.  In general, we believe the c r a t e r  sample is  complete 

above 20 km, but we cannot rule out the possibility of some loss  of Class  4 

Therefore,  
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c r a t e r s  between 20 and 30 km; hence, we will c a r r y  two diameter-frequency 

relations a s  representing the observations (P ic tures  7-14, Qualities A and B 

only) : 

B = 2.5  f 0.2 for D > 20 km (7a) 

B = 3 . 0 f 0 . 2  for  D > 30 km, (7b) 

6 6 A = 2 . 0 X  10 f 1 . 2 X  1 0 ,  

7 7 A = 1 . 6  X 10 f 1 . 3  X 10 , 

in units where D is measured in kilometers.  

standard deviation. In Figure 7 we show the diameter-frequency relationship 

f o r  Pictures  7 through 14, Qualities A and B; Pictures  7 through 11, Qualities 

A and B; and Pic tures  7 and 11, Qualities A and B. 

weighted least-squares  fits. 

The e r r o r s  represent  one 

The solid lines a r e  

[Note added in  proof: The recent discussion by Leighton et  al. (1967) 
implies B = 3 .2  for  D > 30 km, in good agreement with our resul ts . ]  

The current  values, A and B, a r e  to be distinguished f rom the fictitious 

values, Af and Bf, for c r a t e r s  formed in  the absence of obliteration due 

to any source,  including c r a t e r  overlap. Note that if n (D) a D , and 

n(X) a X-’, then from equations (5) and (6) 

- Bf 
f 

Bf = 1 + ;(p - 1) . P I  

Thus, p 5 Bf. When v = 3, Bf = p .  

Equations ( 3 ) ,  (4), (5), and (6)  a r e  now employed to compute the number 

of c r a t e r s  produced by cometary and by asteroidal  impact. 

is taken as  1 km for the comets;  the values of N(X 2 Xc) have been given 

above. 

7 through 14 (5.6 X 10 

o r  about 1.4 X 10 such c r a t e r s  on all  of Mars. By equation (7a), the cor -  

responding number of c r a t e r s  l a rge r  than D1 can be found f rom the scaling 

law N(D > D1) =Dl 

ness ,  we note that there  a r e  32 c r a t e r s  with D > 30 km, and we can use  
-2 

equation (7b), finding N(D > D1) a D 1  . 

The value of X 
C 

There a r e  53 observed c r a t e r s  of Qualities A and B located on Pictures  
5 2  k m  ) with diameters  grea te r  than o r  equal to 20 km, 

4 

-1.5 . Alternatively, to  be  conservative about incomplete- 
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Table 4 compares  the current ly  observed number of c r a t e r s ,  N(D > Dc), 

extrapolated to the entire Martian surface,  with the corresponding number 

expected f r o m  cometary and asteroidal  impacts. The observed number is 

actually a lower l imit  to  the number produced, since, as we saw ear l ie r ,  

some c r a t e r s  m a y  have been obliterated. 

f a r  too few c r a t e r s ;  as pointed out above, the i r  present  number is  probably 

a good indication of the number of comets in  the past. F o r  p = 2. 5, the 

asteroidal  production of c r a t e r s  can  be made to  agree  with the observed 

number of c r a t e r s  by demanding that there  were  m o r e  asteroids  in the past 

then in the present; e. g., we could require - 500 t imes  the present ra te  of 

asteroidal bombardment fo r  the first 5 x 10 
a strategy has  been adopted by Opik (1966), who considers this demand most  

likely met  by having many planetesimals present when Mars  was first formed. 

If such planetesimals had inclinations < 10 and semimajor  axes  s imi la r  to 

those of Mars ,  their  l ifetimes would be short  compared to 4. 5 X 16 years ,  

and few of them would be left today. The idea of an ear ly  local population of 

impacting objects in the case  of the Moon has  been suggested by Kuiper (1954), 

by Urey(1962)J and by Levin (1963). With a p i k ' s  calculations, based on the 

l e s s  complete initial es t imate  of c r a t e r  density made by the Mariner  4 exper-  

imenters ,  there  was a factor-of-5 discrepancy between theory and observation 

on the assumption of uniform crater ing ra tes .  

show a discrepancy by a factor of about 50. 

about the formation of planets, very high initial bombardment rates cannot 

be excluded. 

Bf = 2.5  and v = 3.6. 

We see that the comets produce 

8 yea r s  of Martian history. Such 

9 

Our m o r e  complete counts 

But since we know very l i t t le 

Similar resu l t s  hold for f3 = 2. 25, which corresponds to 

These two cases  are equivalent to Bf =p. 

Table 4. Comparison of predicted and observed numbers  of 
Mart ian c r a t e r s  

Obse rved  N(D > Dc)  P red ic t ed  
V N(X > X c )  Eq. (7a) Eq. (7b) P Dc x C  

Source  

C o m e t s  - 3 1 2 . 8 k m  I k m  5 1 . 2 ~ 1 0 ~  2 . 9 ~ 1 0  6 .6  X lo4 

3.6 x l o 5  C o m e t s  - 3.6 5. 5 1 5 1 . 2  x l o 2  9 . 3 x  10 4 

4 

4 

4 

-1 

Aste ro ids  2. 5 3 20 0. 62 7 . 5  X 10' 1 .35  X 10 2 . 7 X  10 

As te ro ids  2. 5 3.6 20 1. 55 1 . 9 ~  IO2 1 .35  x 10 2 . 7 X  10 

As te ro ids  4. 5 3 20 0.62 3 .2  lo5  1 . 3 5  10 2 . 7 X  10 

As te ro ids  4. 5 3.6 20 1. 55 1 . 3  lo4 1 . 3 5  10 2 . 7 ~  1 0  
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We s e e  that when p and Bf a r e  grea te r  than B, m o r e  c r a t e r s  can be pro- 

duced than a r e  observed; B > B implies there  is obliteration for  some of 

the c r a t e r s  with D > Dc. However for  p = 4.5 and v = 3 . 6 ,  the number of pro- 

duced c r a t e r s  approximately equals the number of observed c r a t e r s ;  this case  

cannot account f o r  the additional number of obliterated c ra t e r s .  

generally for  all p > 3 cases  of interest .  

case  v = 3 in the calculations f o r  p > 3 below. 

that p > 3, we can derive the interesting conclusion that v - 3 .  

f 

Such holds 

For  this reason we employ only the 

Thus, if there  is other evidence 

We now take account of c r a t e r  obliteration in  comparing the number of 

c r a t e r s  produced by asteroids  with the number actually present at some 

epoch. 

is representative of the past. 
ber  of c r a t e r s  ever  produced by asteroids  in 4 . 5  X 10 years .  

c r a t e r s  produced with diameters  grea te r  than D, independent of subsequent 

obliteration, is a lso given by 

Again we assume that the present rate of asteroidal bombardment 
Equation (6) with Dc = 20 km gives the total  num- 

9 The number of 

where B = p for  v = 3 ,  by equation (8). 

ing that the number of c r a t e r s  given by this expression with D = D-’, the diam- 

e t e r  a t  which obliteration ceases,  equals the observed number of c r a t e r s  with 

diameters  in  excess of D . 
l a rge r  than 20 km produced by asteroids  equal the total  number of such c r a t e r s  

ever  produced, independent of subsequent obliteration (as extractable f rom 

the c ra t e r  counts): 

The value of  Af is obtained by demand- 
f .*. 

* 
W e  finally require  that the number of c r a t e r s  
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The quantity in the brackets is k l ,  and Xc is the value of X corresponding 

D = 20 km (see  equation (5) and Table 4).  F o r  the observed frequency 
:: 

relation and a given value of P, we can then solve equation (9)  for D . 
resul ts  a r e  given in Table 

The 

5. 

* 
Table 5. Est imates  of D f r o m  distribution functions 

to 

P =  3 .5  4 .0  4 . 5  5. 0 

eq. (7a) 20 56 95 131 

eq. (7b) 12 68 133 181 
D" (km) 

.I. 

We see  that for  4. 0 5 /3 5 5.0 we obtain values of D1' consistent with 
.I. 

and with the ear l ie r  es t imates  of D-' (Table 3). Values of p l a rge r  than P ' B  min 
5 would seem outside both theoretical  and observed slopes. 

with a bombardment ra te  similar to the present  ra te  can account for  the 

Martian c ra t e r s  in a consistent manner.  

Thus, as teroids  

In this approach we require  the 

absolute values of the distribution-function exponents for  the asteroid d is t r i -  

bution and for the c r a t e r s  when first produced to  be substantially l a r g e r  

than the observed c r a t e r  value. We show in  Section 6 that f o r  Bf > 3, 

a = B 3. Thus, for  a uniform bombardment ra te ,  c r a t e r s  a r e  being eroded 

by a process for  which 1 5 a 5 2. This value of a is entirely consistent with 

known erosional mechanisms, discussed in Section 6. Alternatively, we can 

follow the suggestion that the bombardment ra te  was grea te r  in the past  and 

have the two exponents, /3 and B, agree  o r  a t  least  be clo,ser in value. 

f -  
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5. MAJOR TOPOGRAPHICAL FEATURES AS POSSIBLE CRATERS 

Several  l a rge  Martian bright a reas ,  such as Elysium, Eridania, Hellas, 

and the I s i d i s  Regio-Neith Regio complex, have a strikingly c i rcu lar  appear - 
ance, and it is natural  to inquire whether these could be the resul ts  of impacts 

caused by ve ry  la rge  asteroids .  

studies indicating that the bright a r e a s  tend to be lowlands (Sagan and Pollack, 

1966b; Sagan e t  al., 1967). The bright a r e a s  of the so r t  mentioned have a 

diameter  of 1000 km o r  m o r e  and would require  an  impacting object of diam- 

e t e r  approximately 35 k m  or  l a r g e r  to c rea t e  them. 

five Mars-crossing asteroids  with d iameters  exceeding 35 km. 

mean collision t ime with Mars  is approximately equal to the lifetime of the 

planet (Opik, l963), the present  number of Mars-crossing asteroids  is cap- 

able of explaining such features  without the invocation of a higher bombard- 

ment ra te  in the past. This model is consistent with p > 3. On the other hand, 

suppose we accept the suggestion of a very  high initial bombardment r a t e  with 

the exponent p equal to 2.5. Then Table 4 implies that the predicted number of 

Martian c ra t e r s  must be raised by a t  least  a factor of 20 over the number pre-  

dicted with a uniform bombardment ra te ;  thus, there  should be over 100 c r a t e r s  

with diameters  exceeding 1000 km. Mars  i s  certainly not saturation bombarded 

a t  such a resolution. 

of the 100 c ra t e r s  with D > 1000 km, it would be even m o r e  effective for  

smal le r  diameters  where we should see  no c ra t e r s  a t  a l l .  

we wish to invoke his tor ies  that were  very  different for  large asteroids  than 

for  smal l  ones, these predictions based on p = 2 . 5  s e e m  cont rary  to observa- 

tions; for this reason a m o r e  uniform bombardment ra te  with p substantially 

l a rge r  than 2.5 seems to be preferred.  W e r e  the da rk  a r e a s  lowlands, the 

s a m e  conclusions would follow, since even fewer very  la rge  c i rcu lar  dark  

a r e a s  exist  on Mars .  

This view is consistent with several  recent 

At present there  a r e  

Since the 

If any other erosion mechanism were  to  remove most  

Therefore,  unless 
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6. EROSION MECHANISMS 

In this section we discuss  various mechanisms by which newly formed 

The damage produced by impacting c r a t e r s  can be eroded and obliterated. 

objects on nearby c r a t e r s  will be the first such process  to be considered; we 

will discuss  it ra ther  extensively since it is readily susceptible to a quantita- 

tive treatment.  

When a sufficient number of c r a t e r s  is produced, the probability becomes 

large that new c r a t e r s  wi l l  fo rm on o r  near  existing c ra t e r s .  If the s ize  of 

the new c r a t e r  is comparable to o r  l a rge r  than the old c ra t e r ,  and if  the new 

c r a t e r  is produced within the same a r e a  as the old one, it will clearly tend 

to obliterate the old c ra te r .  If the impacting object falls sufficiently close 

to, but not contiguous with, the old c ra t e r ,  it may still obliterate the old 

c r a t e r  both by filling in  the old c r a t e r  with some of the debris  created in the 

formation of the new c ra t e r  and by the damage caused by surface shock waves 

generated by the new impact. Finally, when the old c r a t e r  is far enough away 

f rom the center of the new c r a t e r  not to be destroyed totally, it may nevertheless 

be sufficiently close to the new c r a t e r  to suffer substantial damage. Similarly, 

new c r a t e r s  small in  s ize  compared to a n  old c r a t e r  will not be able to destroy 

the preexisting c ra te r ,  but they can damage it. Thus, in  severa l  ways, 

impacts a r e  capable of causing erosion and obliteration of c ra te rs .  

follows we will t r y  to  distinguish carefully between obliteration of c r a t e r s  
by subsequent impacts and erosion of c r a t e r s  by a similar mechanism. 

In what 

We now proceed to examine the extent of the impact damage present for  

the two cases  discussed ear l ie r :  B = B and Bf > B. 

diameter-frequency relation for the generated c r a t e r s  has  the same exponent 

as the relation f o r  the observed c ra t e r s ,  but a large initial bombardment ra te  

is needed to account f o r  the observed number of c r a t e r s ;  the second case  

presumes a constant bombardment ra te  and a l a rge r  exponent fo r  the gener- 

ated c ra te rs .  

In the first case,  the f 
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In assessing the importance of impact damage, we will compute three 

important variables:  the c r a t e r  number density;  the slope, B, of the d iameter -  

frequency relation; and F, the fraction of the total surface a r e a  that has been 

significantly disturbed by impact damage. 

to obliteration by impact, and re turn  la te r  to erosion. 

impact obliteration is important, there  will be an accompanying modification 

in the c ra t e r  number density and, in some cases ,  in the value of B, as com- 

pared with values expected in the absence of impact obliteration. 

Initially, we confine the discussion 

When F N 1, s o  that 

We begin by obtaining an  expression for  F under the assumption that 

impact damage i s  the only important obliteration mechanism. F r o m  the pre-  

vious discussion, nf(D)dD is the number of c r a t e r s  between D and D t dD that 

have been produced over the ent i re  Mart ian surface within the lifetime of the 

planet. Therefore,  nf(D)dD /4nRd represents  the number of such c r a t e r s  pro-  

duced per  unit a rea ,  with Rb a s  the radius of M a r s ;  D nf(D)dD/16Rdis then 

the fraction of the a r e a  of Mars  covered by such c ra t e r s .  Finally, if old 
c r a t e r s  within d~(D/Z)of  the center of the impact a r e  obliterated by the forma-  

2 2 tion of a new c ra t e r ,  then E D n (D)dD/16 R will approximately equal the 

fraction of the total surface area of Mars  that has been significantly disturbed 

by impact events that f o r m  c r a t e r s  with diameters  between D and D t dD. 

2 

2 2 

f 6 

If we integrate over  all  c r a t e r s  capable of causing obliteration to a c r a t e r  
N 

of s ize  D, we obtain 

D 

F I D D dD -Bf 2 

Dl 
16 R 

EQ, if Bf # 3 
E *f 
2 16 R8(3 - Bf) 

D u= - Q, if Bf = 3 , €Af 
z loge D~ 16 Ra 
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where D i s  the s ize  of the la rges t  c r a t e r  actually produced, and D 
U I 

s ize  of the smallest  c r a t e r  that will by itself be effective in obliterating a 

c r a t e r  of s ize  D. We expect that D = D. Formally,  we write D = gD;  we 

can anticipate that g - E 
is the 

N N N 

I I -1 / 2  

Equation ( l o ) ,  implicitly neglects the possibility that two c r a t e r s  may 

partially sha re  the same a r e a  and hence that F will actually be smal le r  than 

Q. The cor rec t  formula for F when Q 2 1 i s  given by 

F = 1 - exp (-a) . (11) 

Note that F - Q  when Q << 1, and that F- 1 as  Q -  co, a s  should be the case .  

F o r  Q > 1, Q is the mean number of t imes a given a r e a  has been cra te red ;  i t  

i s  a measure  of the generation number of the observed cratering. 

to estimate T, the mean fraction of c r a t e r s  of a given diameter that survive 

to the present  epoch. 

that have been produced during the history of the planet, we can readily 

We next wish 

Since we know how to calculate the number of c r a t e r s  

derive the present observable c r a t e r  density and thus estimate both A and B. 

If a c r a t e r  is  formed at  a time, t, in the past, i ts  probability of obli tera- 

tion, P( t ) ,  i s  given by 1 - exp [ - Q(t)], where Q(t)  is the appropriate value of 

Q between t ime t and the present  ( t  = 0). Thus, the s ta t is t ical  average of 

the number of c r a t e r s  formed a t  t ime t with diameter D that survive to the 

present,  +(t), i s  simply exp [ - Q(t)] . 
diameter D, formed at any epoch, that survive until the present  epoch, is 

The s ta t is t ical  fraction of c r a t e r s  of 

0 
, 
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where R(t) is the relative bombardment rate at time t. If we assume R(t) 
is independent of D, then Q(t) is given by the following time-integration of 

the bombardment ra te :  

n 
R(t ')  dt' 

If we set y = R(t' ) dt' and z = - y Q ( T g ) / l  R(t ') dt' , we readily find 

t 

1 - + =-{ 1 - exp [ -  Q(T.&]} 
Q(T$) 

Thus,? is independent of R(t) ,  a s  we expect. Also, as Q(Tb) - 0, then - 
9 - 1 ;  as Q(T,) - 00, SOT - 1 /Q(Td). 
been obtained by Walker (1967). 

A resu l t  similar to equation (14) has 

In the absence of obliteration, the observed number of c r a t e r s  of 

diameter  D would simply equal the number formed, nf(D) = AfD-Bf. Oblitera- 

tion reduces the observed number of c r a t e r s  to an equilibrium number 

-B - -Bf ne(D) A D  = + Af D , I 

where A and B a r e  the observed values. 

When there  is a very  la rge  number of c r a t e r s  formed, so that Q - co, 
equation (15) reduces to a s impler  and explicit dependence on diameter.  As 

-1/2 D. - . In equation ( lo) ,  which determines Q, we se t  D = E P 
= l / Q ,  which, 

Q - m j  + d l / Q  

If, finally, D 

when inserted in equation (15), yields 

>> DP, we obtain a simple expression for 
U 

38 



ne(D) = - , B f = 3  
E 

Bf-3 2 16 Rd -3 n (D) = (Bf - 3)g D , B f > 3  . e E 

In the previous section we suggested that c r a t e r s  l a rge r  than 1000 k m  in 

diameter  must be expected occasionally. 

D >> D will always be  fulfilled. Since c r a t e r s  with D > R a r e  not to be 
U I d 

expected, we select  D 

our resul ts  will not be very sensit ive to the exact choice of D 

acceptable range of B values. f 
need not be very  much l a rge r  than unity for  

tion. 

(1967) and by Walker (1967) in lunar context. 

Thus, for the c r a t e r s  of in te res t  

1 3000 km. As  equations (16) through (18) indicate, 
U 

for  the 
U’ 

Similarly, we see  f rom equation (14) that Q 

1 1 /Q to be a good approxima- 

Equations (16) through (18) are similar to the ones derived by Marcus 

We now employ the equations derived above to a s s e s s  the significance of 

impact obliteration. First we consider the case  B = B, and compute F f r o m  

equations (10) and (11). 

D1 << DU, the value of F depends almost  entirely on the s ize  of the la rges t  

Du. Accordingly, we se t  D = 0. We let A equal the observed c ra t e r ,  

value of A and s o  find a lower limit to F. 

similar fashion. 

we select  D 

exact. 

f 
If B = 2.5,  we see f r o m  equation (10) that when 

I f 
When B = 3 . 0 ,  we proceed in a 

Since Q depends only logarithmically on the choice of D I’ 
= 30 km, and consider the resu l t s  as representative ra ther  than Q 

In Table 6 a r e  summarized these calculations of F f o r  B - B for  two f -  
choices of E. In each of these cases  the re  will be some obliteration at t r ib-  

utable to the crater ing process  itself. 

sensitively on the degree to which Af exceeds A, and on the value of E. 

But the extent of obliteration depends 
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Since in all ca ses  the lower l imits  on F a r e  not very small ,  some c r a t e r s  

have been obliterated; thus, the lower l imit  on A must  be somewhat in excess  f 
of A. Accordingly, the lower l imits  on F for  the f i r s t  four entr ies  of Table 6 
must  be raised somewhat. 

Table 6. Predicted values of F 

Bf B 
N 

D F 

2. 5 

2. 5 

3 .0  

3. 0 

4 . 0  

4 . 0  

4. 0 

4 .0  

4 . 0  

4 . 0  

4. 5 

4 . 5  

4. 5 

4 . 5  

4. 5 

4. 5 

5 . 0  

5 . 0  

5 . 0  

5 . 0  

5 . 0  

5 . 0  

2. 5 

2 . 5  

3 . 0  

3 .0  

2 . 5  

2 . 5  

2 .5  

2. 5 

2 . 5  

2 . 5  

2 . 5  

2 . 5  

2 . 5  

2 .5  

2 .5  

2 . 5  

2 . 5  

2 . 5  

2 .5  

2. 5 

2 . 5  

2 .5  

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

- 
20 km 

20 

50 

50 

D* 

D* 

20  krn 

20  

50 

50 
D* 
D* 

20 km 

20 

50 

2 50 

1 D* 

2 D* 

L 0.66  
2 0. 96 
2 0 . 4 7  

2 0. 92 

0. 38 

0. 98 

0. 17 

0. 78 

0. 1 6  

0. 74 

0. 83 

1 . 0 0  

0. 35 

0. 99 
0. 16 

0. 85 

1.00 

1.00 

0. 70 

1.00  

0. 16 

0. 94 

We next compare predicted with observed slopes and c r a t e r  densit ies,  

st i l l  fo r  the case Bf = B and now for  saturation bombardment. 

equation (16) shows consistency: the slope of the observed c ra t e r  distribution 

F o r  Bf = 2.5, 
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exactly equals that of the c r a t e r s  formed with no obliteration. This is  almost 

t rue  fo r  Bf = 3 (equation (17)) ;  there  is only a slow logarithmic dependence on 

diameter besides the D-3 dependence. 

short  of complete saturation bombardment, since has little D-dependence 

fo r  these choices of B It i s  interesting that when B = B = 2.5, almost a l l  f '  f 
the obliteration is due to the very  la rges t  c r a t e r s  - c r a t e r s  unlikely to be 

detected on the Mariner  4 photographs. 

This agreement even holds somewhat 

A comparison of the observed and predicted c r a t e r  densit ies is readily 
-Bf in made by comparing the observed value of A with the coefficient of D 

equations (16) and (17). 

with & = 1 , and f o r  Bf = 3.0 with & = 1. 25. 

on the assumption of complete saturation bombardment. 

of F ( f i r s t  four entr ies ,  Table 6) indicate that this assumption is reasonable. 

If bombardment is  actually l e s s  than saturation, the predicted values of A a r e  

lowered and a smaller  value of & is required to secure  agreement. 

& L 1 should hold always; & = 1 holds f o r  obliteration only when a c ra t e r  is  

formed on a r e a  occupied by a preexisting c ra t e r .  Thus, the observed c r a t e r  

densit ies a r e  very close to the saturation l imit  f o r  Bf = B. 

Agreement to within 20% i s  secured f o r  Bf = 2 .5  
The predicted values a r e  based 

The minimum values 

However, 

We  next turn to the B > 3 cases .  The parameter  F is obtained a s  before f 
from equations (10) and (11); again, we assume D >> D However, in  this 

case,  we can direct ly  es t imate  F, rather  than find a lower limit. Table 5 

displays est imates  of D . Thus, Af can be obtained by demanding that the 

number of c r a t e r s  with D > D?- equal the observed value. 

tion (10) implies that the smal les t  c r a t e r s  capable of causing obliteration 

make the principal contribution to F. 

(10) with little loss of accuracy. F o r  c r a t e r  formation to be an important 

obliteration mechanism, severa l  constraints on F must  be met.  

of D 

important; roughly, F (D-) N 0.1. 

smal le r  c r a t e r s .  

appropriate choices of &. 

U I '  

* 
.b 

When B > 3, equa- f 

Accordingly, we se t  D = 00 in  equation 
U 

The values * 
in Table 5 re fer  to d iameters  a t  which obliteration is just  becoming 

Jr 

Also, F should l ie close to unity for  the 

We see  f rom Table 6 that these requirements a r e  met  f o r  
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According to equation (18), the predicted slope will be - 3  a t  saturation, 

The predicted slope is then again in good independent of the value of B 

agreement with the observations. 

l ess  than saturation bombardment, the predicted slope will be c loser  to Bf 

and so  will disagree with the observations. 

that impact damage i s  not the major  cause of c r a t e r  obliteration. 

sufficient agreement with observation, we require  that Q be large enough that 

the effective slope be within 10% of the saturation value fo r  25 km 5 D I 50 km. 

(The observed slope is  heavily influenced by the smaller  c r a t e r s ,  which a r e  

the most  numerous. ) This demand implies that F(D = 50 km) N 0.75. This, 

coupled with our previous requirement that F(D") N 0.1, can be used to tes t  

the resul ts .  
implies that the number of observed c r a t e r s  should be close to the saturation 

limit. 

f '  
On the other hand, i f  there  is substantially 

Such a disagreement would indicate 

To secure  

> 

The restr ic t ion that the slope be close to the saturation value 

* 
Table 6 exhibits the values of F a t  D = 20 km, 50 km, and D , and for  

various choices of B and E .  

but essentially identical resul ts  obtain f o r  B = 3. 0. 

and 5. 0 the two constraints on F can be satisfied for appropriate choices of 

E .  For  B = 4.0  the two constraints cannot simultaneously be satisfied, 

since D is only slightly l a rge r  than 50 km (cf. Table 5). However, for 

such a value of Bf, l ess  variation in B is  required to obtain the observed f 
value of B than i s  the case for  l a rge r  B 

be incompatible with the data. 

In a l l  these Bf > B cases ,  B = 2. 5 was adopted, 

We see  that for Bf = 4. 5 
f 

* f  

and even the B = 4 case may not f; f 

We next compare, by equation (18), the observed number of c r a t e r s  with 

the number predicted for  Bf > B and saturation bombard,ment. 

can direct ly  compare the observed value of A with that predicted f rom 

equation (18). The two resul ts  agree when hJ; i s  slightly l a rge r  than 2. 

(Actually, a somewhat smal le r  value of hJ; i s  implied, because the predicted 

c r a t e r  density is slightly overestimated. ) Since the observed value of A 

depends on the curve-fitting decision B = 2.5, we cannot direct ly  compare 

the predicted and observed values of A when B = 2.5.  

the observed number of c r a t e r s  between 20 k m  and D 
numbers,  by integrating equation (18) between 20 km and D . 
the resul ts  of such a calculation f o r  various values of B and &. 

If B = 3,  we 

Rather,  we compare 

with the predicted 
* 

* 
Table 7 shows 

Again f 
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noting that the predicted values a r e  slight overest imates ,  we see  that the 

model can agree  with the observations when the radius of the zone of obli tera- 

tion, &(D/2) ,  is about twice the s ize  of the c ra t e r  produced by the object 

causing the obliteration. F o r  this B range, in (D) is proportional to a power 

of E between -1.5 and -2. 
f e 

Table 7. Predicted and observed number of c r a t e r s  on Mars ,  
20 km 5 D 5 D"', Bf > 3 

4 = 1  & = 2  & = 3  Observed value Bf 

4 1 .1  x 10 

1 .2  x 10 

1 . 3  x 10 

3 
7 . 4 x  10 

4. 5 3 . 3  x 10 2 . 9 x  10 6 . 9 ~  10 

6 . 1  x 10 

4 2 . 5 x  10 5 

5 

5 

4 2 . 0 x  10 

4 3 

4 3 4 
3 . 0 x  10 5 4 . 4  x 10 

We conclude that, for  a l l  categories of Bf, impact damage may contri-  

bute significantly to  c ra t e r  obliteration, yielding values of F - 1. All 

models s e e m  capable of accounting for  the observed number of c r a t e r s  a s  

well as  for  the exponent of the diameter-frequency relationship. It is quite 

noteworthy that the observations are of s o  little u se  in distinguishing among 

the hypotheses in the case  of near-saturat ion bombardment. Future  photo- 

graphic missions with better resolution (increasing the usable range in D 

before incompleteness se t s  in) o r  bet ter  a r ea l  coverage (decreasing the probable 

e r r o r s  in A and, especially, B) might permi t  a useful distinction among the 

models. 

value of &, to bet ter  determine the importance of Lmpact damage. 

It would also be useful to establish m o r e  rigid constraints on the 

The influence of impact damage on c r a t e r  erosion can be estimated by 

We must  employ a 

Thus, F for  erosion will 

W e  s e e  f rom Table 6 that c r a t e r  impact 

calculating F for  erosion f r o m  equations (10).and (11). 

l a rge r  value of E than that used f o r  obliteration. 

be l a rge r  than F for  obliteration. 

should contribute significantly to the erosion of c r a t e r s  when Bf = B, and 

for  most  c i rcumstances where B > B. f 
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It is relatively easy  to visualize the effects of erosion of c r a t e r s  f o r  the 

Bf > 3 case.  

text, the effect  of erosion with la rge  Bf is to soften all old topographical 

features  on a scale  approximating the depths of c r a t e r s  that sa tura te  the 

surface (for 6 = 1). 

DQ such that Q - 1. 

probably about 4 (DQ/l 0) f o r  DQ such that Q Nearly all c r a t e r s  of s izes  

sma l l e r  than the appropriate DQ will be soft, crater- l ike depressions with no 

sha rp  features .  The percentage of f r e s h  Class 1 c ra t e r s  will  be very small, 

smal les t  for  higher B ' s  ( less  than 1% Class  1 for  B = 4. 5). F o r  hs~=  1, 

the scale  of softening is only about 0. 5 to  3 km - probably too smal l  to be 

noticeable on the Mariner  photographs. 2, we might expect to  see  
the softening of the older features  on a scale  of about 1 to 6 km for  Bf = 4 . 0  

and 5. 0, respectively. 

Mariner  photographs, and the walls of the older  c r a t e r s  do not generally 

appear substantially softened. 

crater ing process  could c rea te  sufficient dust t o  give the c r a t e r s  their  

character is t ic  filled-in appearance, provided the created dust was adequately 

mobile ( see  Section 7). 

Chapman (1968) has  argued that, in a smal l - sca le  lunar con- 

That is, the scale  of softening approximates D /10 for  Q 
F o r  cases  where & > 1 , the scale  of softening is 

1.  

f f 

F o r  <E 

This is  again probably below the resolution of the 

It i s  possible that such a large-B saturation- f 

We now summar ize  the resul ts  of impact on c r a t e r  obliteration and 

erosion. 

issue is whether this is the dominant process .  

observed c ra t e r  densit ies a r e  c lose to o r  equal to saturation values for  

Bf = B 1 3 ;  impact obliteration is clear ly  dominant fo r  this case.  

the question cannot properly be answered for  the B > B case,  because of 

our lack of precise  knowledge on the value of 4 for  Mars .  

the principal obliterating c r a t e r s  a r e  comparable in diameter  to the craters 

being obliterated: such circumstances exist on the Moon, where s imilar ly  

s ized c ra t e r s  overlap one another, both remaining visible. F o r  the Moon, 

then, hs is probably not much above 1 .0 .  

In all cases ,  impacts will cause some obliteration; the question at 

We have found that the 

However, 

f 
In this case,  

If such a value applied to Mars  as 
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well, a contradiction would exis t  with the dc = 2 requirement for  Bf > B 

(Table 61, and we would conclude that saturation bombardment is not the 

dominant obliteration mechanism for B > B. However, for  all we know, f 
Martian and lunar soil  conditions differ sufficiently to permi t  de c= 2 for  Mars .  

It i s  a lso possible that some incompleteness exists in the c r a t e r  counts even 

f o r  D > 20 km, in which case  the required & would be lowered. 

impact damage is a contributing factor in c r a t e r  erosion. 

obliteration parameter ,  a ,  may be obtained direct ly  f r o m  equations (1 6) through 

(18): 

In a l l  cases ,  

The value of the 

a = B f - B  . (19) 

Thus for  the low B values, a 0, while for  the high Bf values, 1 5 a 5  2.5.  f 

We now briefly mention other possible agents of c r a t e r  erosion and 

obliteration. 

dust  is moved about by winds (see,  e. g . ,  Sagan and Pollack, 1967)- Since 

the present  winds can l i f t  up dust, and since aeolian erosion and filling 

by dust mus t  be occurring today, we can make no inferences about the possi- 

bility of a much l a rge r  atmosphere in  the past, cont ra ry  to  a conclusion of 

Leighton e t  al. (1965). Indeed, the limiting factor  on the effectiveness of 

dust  as an  erosional agent is the ve ry  la rge  quantities of dust needed to  f i l l  

a significant portion of most  of the observed c r a t e r s  and to f i l l  completely 

whatever c r a t e r s  have been obliterated; the average /depths of the observed 

c r a t e r s  is severa l  kilometers.  We show in the next section that an amount 

of f ractured mater ia l  approaching this f igure has been produced during 

cratering. 

converted into par t ic les  with s izes  < 200 p, as are required for  saltation, 

suspension, and d ispersa l  by momentum exchange (cf. Sagan and Pollack, 

1967). It is also possible that accretion of interplanetary dust may  play a 

There is good evidence that dust  abounds on Mars  and that this 

If the dust is very friable,  much.of it will eventually have been 
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role. The present  accretion r a t e  on the Ea r th  is uncertain, but apparently 
lies between 2 ~ l O - l ~  and 2 x 1 0 - l b g c m  - 2  s e c  -1 (Parkin and Tilles,  1967). If 

this dust  is pr imar i ly  of as teroidal  origin, we expect an influx rate N 20 t imes 

grea te r  on Mars  than on the Earth.  

thicknesses ranging f r o m  a few m e t e r s  to a fraction of a kilometer. Filling 

and aeolian erosion involving dust may  be particularly important for  erosion 

of smal le r  c r a t e r s  with depths < 1 km. The preponderance on Mars  of flat- 

floored c r a t e r s  with a filled-in appearance, compared with highly battered 

c r a t e r s  with misshapen walls in the lunar highlands, suggests that filling by 

dust o r  lava is likely to  be a m o r e  important erosive agent on Mars  than on 

the Moon. 

F o r  dust  of low density, this leads to 

It is difficult t o  examine these filling processes  quantitatively. Never- 

theless,  a brief consideration of an idealized dust-filling model will demon- 

s t r a t e  the compatibility of filling processes  with the observed distribution 

of Martian c r a t e r s  by class .  

it  is typical of Class 1 lunar c r a t e r s  with diameters  about 30 km. 

horizontal l ines show the crater filled to 1570, 3570, 7070, and 9570 of i ts  depth. 

It is our opinion that these percentages approximately represent  the divisions 

between the four c lasses  (e. g., c r a t e r s  filled to 1570 o r  less would be classified 

as 1, those filled to over 95% would not be recognized as c r a t e r s  at all). 

What follows does not depend strongly on the prec ise  percentages chosen. 

Consider the c ra t e r  profile shown in Figure 8; 

The 

Figure 8. Influence of filling by dust o r  lava on the class membership of 
a c ra te r .  
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F o r  a model  in which mobile dust ( o r  fluid) i s  uniformly deposited over 

3 

2 
the  surface of Mars ,  c r a t e r s  will collect dust at a r a t e  proportional t o  D . 
But since the c ra t e r  volume scales  a s  D 

depth-diameter ratio holds for  a l l  d iameters)  , the c r a t e r  l ifetime will scale  

as D (hence a = 1). Baldwin's (1963) Figure 20 suggests that for  his Class  1 

lunar c ra t e r s ,  the diameter-depth rat io  is not constant but that  the depth 

var ies  a s  DOa6. 

m o r e  shallow than smal le r  ones 

of c r a t e r  formation, o r  to rapid isostatic adjustment of the l a r g e r  c r a t e r s  

following their  formation. 

dust. 

(assuming that the s a m e  profile and 

Presumably the fact  that l a rge r  c r a t e r s  are proportionately 

is due either to the details  of the process  

In this case,  a = 0 . 6  for  filling such c r a t e r s  with 

In either case, for a c r a t e r  of a given diameter,  the relative lengths of 

t ime the c r a t e r  spends in each class will equal the relative volumes of the 

four slabs shown in Figure 8. Therefore,  a s  discussed in Section 3, the 

relative volumes of the four slabs should equal the relative numbers of 

c r a t e r s  in each  class,  for the dust -filling model. The volumes for the 

s labs  of the c r a t e r  shown in Figure 8 a r e  presented in Table 8 , along with 

the observed percentages of Martian c r a t e r s  in each class .  

of the model with the observations is good. 

The agreement 

Table 8. Percentages of c r a t e r s  by c lass  

Class Dust- filling model Observation (D > 20 km), N = 53 

1 4 4 

2 12 9 
3 43 40 

4 41 47 

Another conceivable mechanism of surface erosion is the laying down 

of sediment within the c r a t e r  through the intermediation of running water  o r  

of occasional f lash floods. Water e ros ion  seems to be a ma jo r  cause of the 

obliteration of t e r r e s t r i a l  c r a t e r s .  Hartmann (1966) has  compiled data on 
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c r a t e r s  in the geologically stable Canadian Shield region, and his resul ts  imply 

that in this a r e a  only c r a t e r s  l a rge r  than about 50 k m  are capable of surviving 

f o r  several  billion years .  

periodically submerged under water,  as, say, the Mississippi Basin has,  and 

so has  been eroded pr imari ly  by running water  Hartmann's 

data imply a = 2 for these water-dependent terrestrial erosion mechanisms. 

The Canadian Shield region has  probably not been 

and by glaciers.  

* 
The value of D deduced for  the Canadian Shield is quite comparable to 

the value deduced he re  for Mars .  Thus, as far as erosion ra tes  are  con- 

cerned, there  is nothing in the Mariner  4 photographs that excludes running 

water o r  glaciers  on Mars  until quite close to the present  epoch. 

stated that none of the character is t ic  geomorphology of running water  (e. g . ,  

It has been 

the dendritic patterns of r ive r  basins) is visible on the Mariner  4 photographs; 

but very suggestive signs of some variety of fluid flow do appear,  e. g. ,  on 

Picture  11. It has  also been argued (Sagan, Levinthal, and Lederberg,  1968) 

that liquid water may be available on contemporary Mars  - generally, in grain 

inters t ices  and subsurface microenvironments for  a fraction of a n  hour each 

day, and, m o r e  rarely,  on a much l a rge r  scale. 

present only in such isolated t imes and places, its contribution to  erosion 

over severa l  billion years  may be very  great. 

of running water,  the volume changes of water  during freeze-thaw cycling 

Even if liquid water  is 

In addition to  the contribution 

on Mars  can  be a ve ry  potent erosive agent. 

Mountain building on the Earth,  on a scale  needed to  obliterate a c r a t e r  
100 k m  ac ross  and severa l  ki lometers  deep, s eems  to  occur on a t ime scale  

similar to  the age of the Earth.  

Martian c r a t e r s  places no seve re  constraints on such mountain-building activ- 

ity on Mars .  The 0. 5% of the Martian surface viewed by Mariner  4 displayed 

no obvious folded mountain chains. On the other hand, the existence of ma jo r  

elevation differences (Sagan e t  al., 1967; Sagan and Pollack, 1966u involving 
noncircular regions and the probable presence of ridges resembling t e r r e s  - 
trial tectonic dikes (Sagan and Pollack, 1966a) - s e e m  to argue that diastro-  

phism may be another cause of erosion on Mars .  

Thus, the presence of long-lived, large 

Unfortunately, we have no 
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ready way of examining such possibilities in g rea t e r  detail  a t  present ;  i t  

would be interesting to investigate the extent to which par t icular  erosion 

mechanisms lead to distinctive c r a t e r  morphologies on Mars .  

We have seen that severa l  erosion mechanisms lead to 2 . 0  2 a 2 0.6.  

F o r  uniform bombardmentJ we have found independently in Sections 4 and 

6 evidence that 2.5 2 a 2 1; and evidence in Section 5 indicated that fa i r ly  

uniform bombardment has in fact  occurred. 

In summary  of this section, c r a t e r  overlap and near-saturat ion bom- 

bardment as a mechanism f o r  c r a t e r  erosion and obliteration a r e  susceptible 

to  quantitative t reatment  and seem able to  account f o r  much of the damage 

sustained by the Martian c ra t e r s .  

o r  of micrometeorit ic origin, liquid water  on la rge  o r  microscales ,  mountain 

building, and flooding by lava cannot be excluded within present knowledge 

as possible contributing mechanisms to  c r a t e r  erosion during the his tory of 

Mars .  

Erosion due to  windblown dust of impact 
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7. CRATERS AS SOURCES OF DUST 

Polar imetr ic ,  photometric, and infrared radiometric studies hav 

the Mart ian surface is covered with dust (cf. Pollack and Sagan, 1967). Radar 

observations of the bright areas indicate that the dust extends down to a deRth 

of a t  least a meter (Sagan and Pollack, 1965). One abundant source of 

such a la rge  amount of dust  i s  the crater ing process;  the hypervelocity 

impacts responsible f o r  the c r a t e r s  pulverize and eject  large amounts of 

material .  

We now est imate  the average depth to  which the currently observed 
2 c r a t e r s  have penetrated the Mart ian surface. As before, A DeBD2/16 Rg 

equals the fract ion of the surface covered by these c ra t e r s .  

depth, <S>,  

with d iameters  f rom Dl to  D 

The average 

to  which the Mart ian surface has been penetrated by c r a t e r s  

is then given by: 
U 

<s> = A 2 1 S D-Bf2  dD 

c f  Dl 
16 R 

where we have assumed S = h D;  h is approximately 1/20 fo r  the c r a t e r s  of 

interest .  
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F o r  B < 4, <S> depends mostly on D F o r  B = 2.5,  and D chosen 

between 100  and 1000 km, <S> ranges between a few hundred m e t e r s  and 

> 1 km. When the obliterated c r a t e r s  are taken into account, <S> will be 

somewhat raised. 

at impact, but isostatic adjustment may rapidly make such c r a t e r s  quite 

shallow. Thus, the very  la rges t  impact c r a t e r s  may have the entertaining 

property of producing much m o r e  ejecta than is required to f i l l  them ent i re ly-  

the surplus will f i l l  smaller c r a t e r s  that a r e  not isostatically compensated. 

On the other hand, when B > 4, <S> depends mostly on Dl, and the la rges t  

c r a t e r s  tend not to play a major  role i n  producing ejecta. But h e r e  again, 

reasonable choices of Dp yield values of <S> between 0. 1 k m  and severa l  kil- 

ometers .  In either case, ejecta produced by impact could make major  con- 

tributions to c ra t e r  erosion. 

produced is eventually converted into par t ic les  small enough to be moved by 

contemporary Martian winds, it  will have a large enough volume to  cover the 

bright a r e a s  to a depth of a me te r ,  which is the lower l imit  placed by the 

radar observations. The crater ing process  is, therefore,  a promising 

mechanism to account for the la rge  quantities of dust present  on Mars .  

U' U 

F o r  the l a r g e r  c ra t e r s ,  S = hD applies instantaneously 

If even a very  smal l  f ract ion of the ejecta s o  
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8. CRATER AGES 

Much of the previous analysis of the Mariner  4 crater ing s ta t is t ics  has 

been devoted to a determination of the r r age r l  of the Martian surface;  i. e . ,  

the time since the underlying features  have been eroded away (Leighton e t  al., 

1965; Anders and Arnold, 1965; Baldwin, 1965; Witting et al., 1965; Opik, 

1965, 1966; Binder, 1966; Hprtmann, 1966). These authors have generally 

made a comparison of the c r a t e r  densit ies in the Mariner  4 region of Mars  

with those of the lunar mar i a .  The age of the Mart ian surface then depends 

on an estimate of the relative bombardment ra tes ,  and a guess of the age of 

the lunar mar ia .  With the maria assumed to be severa l  billion years  old, the 
9 Martian surface has been estimated to have ages ranging between 0. 8 X 10 

and 4 .5  X 10 years .  

of the age of the lunar maria. 

9 An obvious uncertainty in  this procedure is the est imate  

Within the context of the models of the present  paper, we can obtain 

ages directly f r o m  the Martian c r a t e r  counts, and independently of the age 

of the lunar maria. 

absolute bombardment ra te  on Mars .  

shown, a grea t  f l u r ry  of c r a t e r  formation in the ear ly  history of the planet; 

thus, a lmost  all cratered a r e a s  would have an  age comparable to  that of Mars .  

F o r  those models with p > 3, a m o r e  uniform bombardment ra te  is implied; 

the la rges t  c ra te rs ,  with D > D , will again have an age comparable to that 

of Mars ,  but the mean age of such c r a t e r s  will be half the age of Mars .  As 

Hartmann (1966) has  quite properly emphasized, the, ages of c r a t e r s  with 

D < DTr will be a function of D. 

is an erroneous concept f o r  p > 3 .  

Such a procedure ultimately depends on est imates  of the 

Models with p < 3 require,  a s  we have 

:k 

.I. 

A unique c ra t e r  age for  the Mart ian surface 

* 

0' 
F o r  D <DT, we note that the c r a t e r  age is given by N (D)/T = nf(D)/T e -2 .5  Since ne(D) E D  , by observation (equation 72), and nf(D) ED-', by 

hypothesis, 

* p - 2 . 5  T(D) = T(D > D*) (D/D ) 
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We now use equation (22)  to calculate T(D) for  various values of D and P. 
a given value of P, D*' was obtained f r o m  Table 5. 

summarized in Table 9; a lso shown are  the analogous resu l t s  obtained using 

equation (7b). - 

F o r  
.I. 

These calculations a r e  

B = B  f 

Table 9. Mean ages of Martian c r a t e r s  (in units of billions of years )  

P 20 40 75 100 500 

2 . 5  4 . 5  4 . 5  4. 5 4 .5  4 .5  
o r  3 . 0  

1 Diameter,  D (km) 

B f >  B 

equation (7 b) 

4. 0 0. 66 1.  32 2.25 2. 25 2'. 25 

4.5 0. 13 0. 37 0.95 1 .46  2.25 

5 . 0  0.028 0.11 0 . 3 9  0 .  69 2.25 

F o r  the l a rge r  c ra t e r s ,  the ages a r e  compatible with those derived f r o m  

assumptions on the ages of lunar mar i a .  F o r  smal le r  c r a t e r s  ( D = 1 0  - 25 km)  

and a uniform bombardment ra te  (P > 3) ,  the c r a t e r  ages a r e  tens to hundreds 

of millions of yea r s ;  and for still smal le r  c r a t e r s  the ages a r e  even l e s s .  

Thus, Martian surface features  with dimensions of 10 k m  o r  l e s s  will, f o r  

P > 3, have ages much l e s s  than the age of the solar  system. Accordingly, 

if substantial aqueous-erosion features  - such a s  r ive r  valleys - were pro-  

duced during ea r l i e r  epochs on Mars ,  we should not expect any t race  of them 

to be visible on the Mariner  4 photographs unless they were of grea te r  extent 

than typical comparable features  on Earth.  Even if  f3 < 3, the same conclu- 

sion follows, because the dust produced by all causes  during the subsequent 

history of the planet should easi ly  be enough to f i l l  such features  (cf. Sections 

6 and 7). 
apparent absence of c lear  signs of aqueous erosion excludes running water  

during the ent i re  history of Mars ,  and makes the origin of life on primitive 

Mars  unlikely, mus t  certainly be regarded as fallacious. 

Thus, any conclusion f r o m  the Mariner  4 photography that the 
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9. VARIATION O F  CRATER DENSITIES WITH POSITION ON MARS 

In Figure 9, an attempt has been made to localize the positions of Pictures  

7 through 14 on the Martian surface.  

based pr imari ly  on a map  of the Mariner  4 encounter a r e a  drawn by Dr.  J. 

Focas in July 1965, and kindly made available to us through the courtesy of 

The positions of Martian features  a r e  

Dr.  Focas and of the Meudon Planetary Documentation Center. However, 

since the combined e r r o r  of the position of the Mariner  4 f r ames  and of the 

Martian cartography amounts to  a t  least  severa l  degrees  in both latitude and 

longitude, the figure can indicate general  correlat ions only. Any attempt to  

localize rigorously such a feature a s  a thin Martian "canal, ' I  observed f r o m  

Earth,  on the Mariner 4 photographs, must  be doomed to  failure.  The dashed 

line indicates the probable outer l imits  to  the position of Mare  Sirenum and 

adjacent dark a reas .  It is of in te res t  that, within the probable e r r o r s  of 

position, Cra t e r  217, the ve ry  l a rge  c ra t e r  of P ic ture  11, is s o  oriented that 

i ts  western rampar ts  vanish just  a t  the boundary between Mare  Sirenum and 

the adjacent semitone a rea .  This is consistent with the hypothesis that the 

c ra t e r  was formed on a slope and was subsequently invaded by dust o r  lava 

f r o m  the brighter lowlands. 

on the borders  of Mare  Humorum i s  striking; Baldwin (1963, pp. 305-307) 

has  proposed a s imi la r  explanation fo r  these lunar  c ra t e r s .  Thus, Cra t e r  

217 provides some fur ther  evidence that dark a r e a s  tend to be highlands on 

Mars .  

The c r a t e r ' s  resemblance to p re -mare  c r a t e r s  

Cra te r  courts a s  a function of f r ame  number a r e  shown in Figure 10.  The 

solid dots represent  the numbers of a l l  cataloged c r a t e r s  per  picture. 
2 

open c i rc les  represent  the same  numbers  normalized to l o 5  km . 
c rosses  represent  the number of c r a t e r s  per  picture of QualityA and B and 

of diameter D > 20 km. Because of the uncertainties of Quality C s ta t is t ics ,  

and the incompleteness for  D < 20 km, it i s  only the curve connecting the 

c ros ses  that i s  significant. 

The 

The 
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Figure 9. An attempt to localize approximately the positions of 
P ic tures  7 through 14 and their  l a rges t  c r a t e r s  on 
the Martian surface.  The schematic map is based 
upon a map  drawn by Dr. J Focas at approximately 
the time of the Mariner  4 encounter. The dashed line 
indicates the outer limits of the possible positions of 
the dark  a r e a s  in the figure. 
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Figure 10. The variation of crater number density with frame 
number. The dots represent the numbers of all catalog 
craters per frame; the open circles represent the same 
numbers normalized to l o 5  km2; the crosses represent 
the numbers of craters per frame of QualityA and B, 
and of diameter larger than 20 km. 
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Comparing Figures  9 and 10, we see  that the highest c r a t e r  counts, in 

Pictures  9, 10, and 11, correspond to  the only three  f r ames  lying entirely 

o r  mostly in Mare  Sirenum. The adjacent frames of lower c r a t e r  density- 

Pictures  7 and 8, ar_d 12 and 1 3  - lie principally in nearby bright o r  semitone 

a reas .  Thus, a correlation of f r ames  localized in da rk  a r e a s  with f r ames  of 

high c ra t e r  density is apparently indicated. However, the c ra t e r  density in 

P ic ture  9, lying entirely in  a dark  area, is close to that of P ic ture  14, lying 

entirely in a bright a rea ,  

ter ized by high sun, la te  pictures  by a sti l l  incompletely understood obscura- 

tion. The apparent peak in  c ra t e r  density at P ic tures  9 through 11 may, 

therefore, be nothing m o r e  than the convolution of these two effects. If, 

however, the residual correlation of high c ra t e r  density with dark  areas is 

real, it indicates a more  rapid erosion ra te  in bright a r e a s  than in dark 

a r e a s .  

of erosion and filling, i f  the bright a r e a s  tend to be lowlands. 

In  addition, ea r ly  Mariner  4 pictures were  charac- 

This would be consistent with windblown and drifting dust as a n  agent 
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10. RECOMMENDATIONS FOR FUTURE WORK 

F r o m  the conclusions and uncertainties of the present paper, it  is c lear  

that there  is much room fo r  fur ther  work i n  this subject. 

field work on the dependence of E on soil  type and on the dependence of incom- 

pleteness es t imates  on c ra t e r  c l a s s  is needed. Future  space-vehicle mis- 

sions could profitably photograph l a rge r  a r e a s  to obtain data on the largest  

c r a t e r s ,  to s ea rch  for  relatively u n c o m o n  geological features  on Mars ,  

and to improve the crater ing s ta t is t ics  with better resolution (to narrow the 

e r r o r  in  B - now hovering precipitously around the theoretically significant 

value of 3 .  0), and with a favorable range of solar  zenith angles. 

flyby would of course be ve ry  useful in  this regard, but an  orb i te r  is what is 

really needed. 

Laboratory and 

A close 
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APPENDIX A 

CRATER CATALOG FOR MARS FROM MARINER 4 FRAMES 2-6 

C r a t e r  Pos i t ion  (cm) D i a m e t e r  
number  Frame(s) f r o m  south  f r o m  w e s t  (km) C las s Quality 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  
13  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 , 4  
3a4 
3a4 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 

2. 8 
6. 2 
3.0 
1 . 4  
2 . 9  
4 . 9  
5 . 0  
5 . 2  
4 . 9  

12 .5  
14. 2 
1 1 . 2  
1 0 . 0  
14. 2 
12 .9  
15.0 
13 .8  
10 .4  

8 . 7  
12.  6 

3. 5 , l l .  6 
1 . 0 ,  8. 3 
6. 3,14. 2 
6 . 9  

10 .5  
11 .0  

9 . 6  
12 .5  
11. 6 
11 .8  
11 .4  
10.7 

9 . 7  
9 . 5  
8. 7 

10 .7  
11 .5  
14. 7 
11 .1  

1 . 9  

2 .0  35 
5 . 2  42 

1 0 . 9  28 
11. 8 17 
1 2 . 2  39 
11 .0  73 
1 2 . 7  51 
13. 9 70 
13 .7  21 

2.0 38 
4 . 3  70 
5 . 2  87 
5 .6  31 
6 .8  36 
7 . 6  94 
7. 8 4 2  

1 0 . 1  21 
1 1 . 3  86 
11 .7  63 
13.0 18 

9. 2, 5 .9  19 ,22  
11.1,  7 . 6  1Oa12 
12.7,  10 .8  54,46 

3 .0  155 
1 . 9  46 
2 . 8  19 
3 . 3  23 
3 .1  17 
3 . 5  11 
4 . 0  10 
4 . 1  13  
4 . 3  2 3 ,  
4.1 13  
5.5 29 
6 .3  30 
5.5 16 
5 .9  25 
5.5 100 
9 .2  30 
7 .8  1 2  

C 
B 
A 
A 
A 
C 
B 
C 
C 
C 
C 
C 
C 
C 
B 
B 
B 
C 
C 
B 
C 
C 
c, B 
C 
B 
C 
C 
C 
B 
C 
B 
A 
A 
C 
C 
B 
B 
C 
A 
C 
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APPENDIX A (Cont. ) 

Cra te r  Position (cm) D iame te r 
number F r a m e ( s )  f r o m  south f r o m  west (km) C las s Quality 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
6 2  
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 , 6  
596 
5 , 6  
5 
5 
5 
5 
5 
5 , 6  
5 , 6  
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

2. 5 1 0 . 4  21 
2.7 11.1 40 
7 . 4  6. 3 2 26 
5 .4  11 .0  13  
5 . 8  1 1 . 2  15 

12. 6 1 . 3  24 
13. 3 5 . 4  46 
15 .0  6 . 3  15  
14. 8 7 . 5  32 
12 .7  8 . 0  95 
1 2 . 5  9 . 8  30 
1 0 . 2  11.7 55 
14. 2 13. 5 14 
11 .1  12 .8  16 

9. 3 14 .6  13 
3 . 1  6 . 4  14 
3. 5 ,12.  3 9 . 9 ,  2 .6  53,55 
4. 2, 12 .  8 13. 1, 6 .0  54 ,52  
4 . 0 ,  12. 8 14 .7 ,  8. 2 12 ,12  
9 . 6  2 .9  18 

10.0 9 . 8  11 
9 .1  9 . 9  13 
8 . 1  11 .0  36 
9. 6 11.1 16  
6 . 0 , 1 4 . 4  12.3,  4 . 7  9 , 8  
6 .8 ,  15 .4  13 .7 ,  6 . 5  15 ,15  
7 . 3  13 .6  11 

12 .1  13.7 33 
14. 8 13. 5 21 

2.2 5 . 5  16 
1 . 4  7 . 7  11 
3 . 2  8 . 1  13  

-0 .5  1 1 . 3  92 
2. 3 12 .3  137 

10 .8  8 . 3  65 
8 . 2  10 .5  16 

14 .0  7 . 6  12 
1 4 . 9  8.1 13 
14 .1  9 .7  9 
11.8 11.0 12 
13.0 8 . 5  8 

- 
3 
4 
2 

- 
1 
1 

B 
B 
C 
A 
B 
C 
B 
C 
B 
C 
A 
B 
C 
C 
B 
B 
B, c 
C 
C 
C 
B 
A 
C 
A 
B 
A 
A 
C 
C 
C 
A 
C 
C 
B 
A 
A 
C 
C 
C 
A 
B 
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APPENDIX B 

CRATER CATALOG FOR MARS FROM MARINER 4 FRAMES 7-15 

C r a t e r  Posit ion (cm) D iame te r 
number Frame(s) from south f rom west  (km) C las s Quality 

82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 , 8  
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

1 .9  
0 .9  
0 .6  
2.0 
2.7 
1 .3  
3.0 
2. 3 
3.1 
2.1,11.2 
2.3 
4.8 
5. 8 
3.7 
5.1 
6. 6 
6. 0 
6.0 
6 .3  

12.2 
11.5 
10.7 

9.8 
9.7 
9 .6  
8.8 

10.8 
9 . 9  

13. 9 
11.0 
9.9 

10.3 
12.2 

9.2 
10.7 
12.0 
15.5 
14. 3 

0.9 
2.1 
2.9 
4.0 
4.1 
6 .4  
6.0 
6.5 
6.8 

10.2, 
11.5 

2.4 
3.2 
5.9 
5 .2  
6 .4  
8.0 

11.4 
12.7 

3.0 
2.8 
3.3 
3.4 
1.4 
5.1 
6.6 
6 .4  
8 .9  
6 . 9  

11.1 
12.0 
12.8 
10.9 
13. 5 
14.3 
15.1 
9 .7  

11.9 

12 
13 
14 
50 
19  
24 
13  
14 
14 

27 
8 

10 
66 

7 
8 

14 
31 

9 
10 
14 
11 
11 
12 
10 
7 

21 
38 
11 

9 
26 
10 I 

5 
7 
5 
9 

19  
14 

1 . 8  32,30 

3 
3 
3 

* 4  
2 
3 
3 
2 
4 
3 
4 
2 
2 
4 
2 
2 
3 
4 
2 
1 
3 
3 
3 
3 
3 
3 
3 
4 
4 
1 
2 
2 
2 
2 
2 
2 
1 
4 

B 
C 
B 
B 
A 
A 
C 
A 
B 
A 
C 
C 
A 
B 
B 
B 
B 
A 
B 
A 
B 
C 
B 
B 
B 
B 
A 
A 
A 
A 
A 
A 
B 
A 
B 
B 
A 
A 

B-2 
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E 

C ra t e r  Posit ion (cm) D iame te r 
number F r a m e ( s )  f rom south f rom west (km) Class Quality 

121 
122 
123 
125 
126 
127 
128 
129 
130 
131 
132 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
146 
147 
148 
149 
150 
151 
152 
153 
154 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 

7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
9 , lO 
9 , l O  
9 , l O  
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

13. 3 
12 .9  
12. 8 
15. 0 

1 . 5  
1 . 9  
3.0 
8. 3 
6. 1 

11 .0  
10 .5  
7 . 6  
5 .3  

13. 8 
11 .9  
1 1 . 2  

9 . 6  
10 .2  
1 1 . 2  

5 . 9  
4 .0  
3 . 7  
2.9 
3. 8 
2 . 4  
0. 8 
4 . 5  
4. 7 , 1 3 . 8  
3.4,  12.  8 
2.6, lZ.O 
5 .8  
7 . 3  
9 . 6  
7 . 2  
7 .1  
9 .1  

10 .2  
9 . 8  
8 .0  
6 .4  
8. 1 

12 .4  
13 .3  
14 .7  

2.6 
2 .0  
2.7 

10 .9  
6 . 4  
8.1 
7 . 6  
8 . 7  

12. 6 
14 .0  
11 .6  
13 .3  
14.0 
13 .9  
13. 2 
10 .2  

8 .6  
6 .7  
0 . 7  
1 . 5  
4 . 5  
4 . 6  
6 .7  
7 . 3  

10.7,  3 .2  
10.6,  2 .8  

9 .9 ,  2 .1  
2 .4  
2 .5  
2.1 
4 . 5  
5 .5  
5 .4  
6 . 2  
6 . 6  
6 .1  
8.0 
8.0 

12 
18 
8 

14 
10 
30 
14 
38 
45 

9 
9 

38 
18 
16 
7 

12 
7 

32 
14 

6 
17 
8 

18 
24 
16 
14 
18 
12 ,9  
5a6 

11, lO 
9 

1 2  
13  

18 
27 

9 
6 
7 
7 

33 

1,9 

2 
3 
2 
2 
1 
4 
3 
3 
3 
1 
2 
4 
4 
4 
2 
3 
2 
4 
3 
2 
4 
2 
3 
4 
3 
3 
1 
3 
1 
1 
2 
3 
3 
4 
2 
3 
3 
1 
2 
2 
4 

B 
A 
B 
B 
B 
C 
B 
A 
A 
A 
A 
C 
B 
A 
A 
A 
A 
C 
C 
B 
C 
B 
B 
C 
A 
A 
A 
B, c 
Ba A 
A 
B 
B 
A 
A 
A 
A 
C 
A 
B 
B 
A 

B-3 



APPENDIX B (Cont.) 

D iame te r Cra t e r  Position (cm) 
number Frame(s) f r o m  south f r o m  west (km) Class Quality 

167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
20 1 
20 2 
20 3 
204 
20 5 
20 6 
20 7 
20 8 
20 9 
21 0 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 , l O  
9 
9, lO 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

8.3 
7 . 5  
7 . 9  
8 . 4  

10 .9  
12 .4  
12. 8 
11.7 
1 1 . 3  
15. 2 
12. 8 

5. 5 
3. 1 , 1 2 . 6  
4 . 8  
5. 2 ,14 .4  
6. 8 
9 . 4  

12.1 
2 . 3  
4 . 5  
2. 5 

-2 .0 
6. 1 
8 .0  
9 . 7  
9 . 3  
8. 8 
9 . 6  
8 .0  
6 .9  
7 .6  
7 . 3  
5. 8 
8. 5 

11.0 
1 0 . 2  
12 .4  
14.7 
13. 3 
13. 2 

3.9 
7 . 1  
6. 6 

8 .4  
10 .5  
12 .2  
12 .6  
2.9 
2 .6  
2 . 8  
8. 2 
9 .9  

10 .3  
12 .3  

1 .0  
14.0,  6 .1  
9 .5  

11.5,  3 . 8  
12 .5  
10 .6  

6 . 8  
2 .9  
5 . 7  

10 .5  
8 .0  
3 . 2  
3 . 3  
4 .0  
5 . 2  
6 . 1  
7 . 1  
8 . 6  
8 .7  

1 1 . 4  
12 .7  
16. 5 
1 4 . 3  
8.8 

10 .4  
9 .6  
6 .5  

11 .2  
12.6 
10.1 
4.6 
4.0 

11 
24 

7 
22 
10 
27 

6 
27 

5 
52 
15 
10 
17, 25 
30 
30,29 
13  

6 
6 
9 

33 
34 

121 
6 

25 
36 
26 
11 
24 
43 
10 
38 

7 
112 

9 ,  
37 
37 
27 

9 
19 
8 

13  
22 
22 

2 
2 
2 
4 
2 
3 
1 
3 
1 
3 
2 
3 
4 
4 
4 
3 
1 
1 
1 
3 
4 
3 
1 
4 
4 
4 
2 
4 
4 
2 
3 
1 
3 
2 
4 
4 
3 
1 
4 
4 
3 
3 
3 

A 
A 
B 
B 
A 
A 
A 
A 
B 
A 
A 
B 
c, €3 
C 
c, B 
B 
B 
C 
A 
A 
B 
A 
A 
A 
B 
B 
A 
B 
C 
A 
A 
A 
A 
A 
C 
C 
A 
A 
A 
C 
C 
A 
B 

B -4 
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C r a t e r  Position (cm) Diameter 
number Frame(s) f r o m  south f r o m  west (km) Class  Quality 

21 1 
212 
21 3 
21 4 
21 5 
21 6 
21 7 
21 8 
21 9 
221 
222 
223 
2 24 
225 
226 
227 
228 
229 
230 
23 1 
23 2 
233 
234 
235 
236 
237 
238 
239 
240 
24 1 
24 2 
24 3 
244 
24 5 
246 
247 
24 8 
249 
250 
25 1 
253 
254 
255 

10 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
12 
12 
1 2  
12 
12 

14. 1 
4.1 
7.0 
5.6 
3.4 
2.0 
7 .4  

10.0 
11.2 

9 .2  
8. 5 
9.5 

12.0 
13.6 
14. 5 
14.4 
13.0 
12.  6 
13. 7 
13.7 
13.9 
-1.2 
4 . 1  
2.5 
1 . 9  
3.9 
8 .0  

14.9 
7.1 
8.7 
5.2 
4. 6 
2.7 
7 .4  
8.4 
7 . 3  
8 . 9  
3.  6 
4.1 
6 . 9  

12. 8 
12. 8 
13. 1 

7.6 
1 . 3  
3.4 
5.3 

12.5 
12.4 

6. 2 
3.9 
4 . 2  

11.1 
11.4 
12.1 
13.8 

1 . 1  
1 .7  
3 .2  
4.9 
8. 2 
9.8 

10.7 
12.1 
11.9 

6. 3 
6.5 
5 .7  
4.6 
4.5 
2.7 

12.6 
13.7 

1 .4  
1.4 
0 . 0  
2.0 
3 .1  
5 .4  
7.7 

13.9 
14.7 
13.7 
13.8 

9 . 9  
2.7 

21 4 
7 2 

31 1 
16 1 
24 4 
19 4 

149 3 
33 4 

5 1 
7 1 
6 2 

16 3 
68 2 
20 1 
13 3 
11 4 
32 2 
7 1 
5 2 

21 3 
10 1 
64 3 
17 4 
32 4 
18 3 
39 4 
15 4 
1 2  4 
22 4 
24 4 

6 2 
5 2 

65 4 
’ 1 2  2 

6 2 
8 1 

11 2 
13  1 
18 2 
19 2 
31 3 
41 4 
31 4 

B 
A 
A 
A 
A 
B 
A 
C 
B 
A 
A 
A 
A 
A 
B 
A 
A 
A 
C 
B 
A 
C 
C 
B 
C 
B 
C 
C 
C 
C 
B 
B 
B 
A 
A 
A 
A 
B 
C 
B 
A 
B 
C 

B-5 
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Cra te r  Posit ion (cm)  D iame te r 
number F rame(s )  f rom south f rom west (km) Class  Quality 

257 
258 
259 
260 
26 1 
26 2 
263 
264 
26 5 
266 
267 
268 
269 
270 
27 1 
27 2 
27 3 
274 
27 5 
27 6 
27 7 
27 8 
27 9 
280 
28 1 
282 
283 
284 
285 
28 6 
287 
288 
289 
29 0 
29 1 
29 2 
294 
29 5 
29 6 
297 
29 8 

13 
1 3  
1 3  
13  
1 3  
13 
13  
13  
13  
13 ,14  
13  
13,14 
13,14 
13  
1 3  
13  
13  
13  
13  
1 3  
14 
14 
14 
14 
14 
14  
14 
14 
14 
14 
14 
14 
14  
14  
14 
14  
15 
15 
15  
15  
1 5  

12 .4  0 .6  1 3  
13. 7 2.7 13  
12 .0  4.0 19 
13 .0  7 . 6  37 
11 .9  9 .7  28 
11. 6 9 . 3  15  
13 .0  11 .1  11 
15.0 11.7 9 
7 .0  8 . 0  11 
6 .0 ,15 .0  11.5,  4 . 1  40 ,42  
7 . 2  14.0 10 
3 . 9 , 1 2 . 5  12.5,  5. 1 735 
2 .3 ,10 .7  12.4,  5 .1  41 ,45  

13 .8  11 .3  11 
14 .0  5.9 9 
1 0 . 3  9 . 3  23 

5 . 6  12 .6  14  
6 .7  5 .2  21 
5 .1  6 .6  20 
3 .9  8.0 36 
4 .4  6 . 5  21 
3 .3  1 0 . 2  33 
1 . 4  11 .7  12 
6 . 9  6. 2 18 

11 .4  9 . 2  7 
8 . 4  10 .2  86 
9 .8  12 .4  1 2  

10 .9  14.4 41 
14. 6 11 .3  22 
12 .5  12 .2  43 
6 . 9  11 .4  19  
7 . 4  9 . 6  19 
8 . 4  9.0 22 

2 .5  6.0 8 
1 .8  6 .8  9 
1 . 4  12 .5  22 
7. 8 8 .1  19 

11.8 6.0 26 
13.0 7 . 3  18 
14 .5  10 .2  37 

4 . 4  4 .6  58 I 

3 
4 
4 
4 
3 
2 
3 
4 
4 
4 
3 
2 
3 
3 
2 
4 
3 
4 
4 
4 
4 
4 
4 
4 
1 
4 
4 
2 
4 
4 
4 
4 
4 
4 
1 
1 
2 
4 
4 
4 
4 

A 
B 
C 
A 
A 
A 
A 
A 
B 
A 
A 
A 
A 
C 
B 
C 
B 
C 
C 
C 
A 
A 
B 
A 
A 
A 
B 
A 
C 
B 
C 
C 
C 
C 
A 
A 
C 
C 
A 
B 
A 

9 
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